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ABSTRACT 
Polymer Crystallization Enabled Carbon Nanotube Functionalization: 
Morphology, Structure and Applications 
Lingyu Li 
Advisor: Christopher Li, Ph.D. 
 
 
Carbon Nanotubes (CNT) have attracted tremendous attention and numerous 
potential applications have been proposed. In this thesis study, a unique means to 
modify CNT surface with polymer crystals via controlled polymer crystallization 
method has been developed. CNTs were wrapped in polymer single crystal lamellae 
in a periodic manner, resulting in nano hybrid shish-kebab (NHSK) structures. The 
periodicity of the polymer lamellae can be varied from 20 - 150 nm. The kebabs are 
~5 nm thick (along CNT direction) with a lateral size of ~ 20 nm to micrometers, 
which can be readily controlled by varying crystallization conditions. PE, Nylon 66 
and PE-b-SBR were successfully decorated on single-walled carbon nanotubes 
(SWNT), multi-walled carbon nanotubes (MWNT), as well as vapor grown carbon 
nanofibers (CNF). The formation mechanism was attributed to “size dependent soft 
epitaxy”. Efforts were focused on PE/SWNT system to understand the growth 
mechanism and the effect of experimental parameters on the periodicity.  It was found 
that weight ratio of SWNT and PE (defined as R) played an important role and 
periodicity increases with increasing R. This was attributed to a reduced polymer 
concentration at the crystal growth front. Since NHSK formation conditions depend 
upon CNT structures, it further provides a unique opportunity for CNT separation. 
Applications of using NHSK in CNT dispersions, separation and nanocomposites 
have also been successfully developed. This unique means is different from all the 
  
xviii
reported methods and it opens a gateway to achieving periodically functionalized 
CNT for a variety of applications ranging from nanocomposites, sensors, fuel cells etc.
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CHAPTER 1: INTRODUCTION 
          Since their discovery,1 carbon nanotubes (CNTs) have attracted tremendous 
attention due to their extraordinary mechanical, electronic, and optical properties.2-4 
Numerous potential applications (such as emission tips, electronic device, etc.) have 
been proposed.5 Due to the substantial van der Walls attraction, CNT bundles are 
often observed. In order to manipulate and process CNTs, it is desirable to 
functionalize the sidewall of CNTs, thereby generating CNT-derivatives that are 
compatible with solvent as well as organic matrix materials. Both chemical 
functionalization techniques and non-covalent wrapping methods have been 
reported.6 In chemical functionalization, functional groups are covalently linked to 
the CNT surface and it is also referred as covalent functionalization method.7 Based 
on the reaction chemistry, two approaches have been explored: The first approach 
involves direct attaching functional groups to the graphitic surface, and in the second 
approach, the functional groups are linked to the CNT-bound carboxylic acids, which 
are created during CNT synthesis, or during post treatment of CNTs for the 
purification purpose. These carboxylic acids are considered as the defect sites on the 
CNT surface and the method is also known as “defect chemistry method”.7-9 The 
advantage of the chemical functionalization method is that the functional groups are 
covalently linked to CNT surface; the linkage is permanent and mechanically stable. 
However, reaction with the graphitic sheet also results in breaking of the sp2 
conformation of the carbon atom. The conjugation of the CNT wall is therefore 
disrupted and it has been observed that, compared to the pristine tubes, electrical and 
  
2
mechanical properties of the chemically functionalized CNT decreased dramatically. 
10, 11  
The non-covalent method to functionalize CNTs involves using surfactants, 
oligomers, biomolecules and polymers to “wrap” CNTs to enhance their solubility.12-
16 A number of surfactants such as octyl phenol ethoxylate as well as rigid conjugated 
molecules have been successfully used to modify CNT surface chemistry. 12-14 It is 
anticipated that these molecules form strong π-stacking with CNT, resulting in 
surfactant/functional molecule-coated CNTs and hence CNT surface properties can 
be altered. Dai et al. have demonstrated that by using a bifunctional molecule 1-
pyrenebutanoic acid succinimidyl ester, one end of the molecule was adsorbed onto 
the SWNT surface while the other end can be used to immobilize biomolecules such 
as Ferritin.15 Water soluble polymers such as polyvinylpyrrolidone (PVP) and 
polystyrene sulfonate (PSS) were used to enhance the solubility of the CNT in 
water16. It was proposed that these polymers intimately wrap CNTs, forming a 
polymer/CNT hybrid material. CNT surface property was altered and the resulting 
hybrid materials are soluble in water. Single-strand DNA (ssDNA) has also been used 
to bind the CNT.17, 18 It was found that ssDNA forms stable complex with CNT and 
effectively disperses CNT into aqueous solution.17 Other biomolecules such as helical 
amylose have also been used to encapsulate SWNTs.19 Thomas et al. recently 
reported using hydroxylamine hydrochloric acid salt to exfoliate and disperse SWNTs 
into organic and aqueous solutions and in this method, surface adsorption of organic 
molecules was not needed.20 The advantage of the non-covalent method is that the 
integrity of CNT structure is not disrupted and the properties of the CNTs are 
  
3
therefore retained. On the other hand, the non-covalent interaction between the 
wrapping molecules and the CNTs is not as strong as the covalent bonding formed in 
the chemical functionalization methods.6 
This thesis is to explore the feasibility of using semicrystalline polymers to 
functionalize CNTs. If crystalline polymers can be attached to CNT surface, there are 
many advantages such as better mechanical properties than amorphous polymers and 
small molecules, granting a stronger adhesion between the CNT and polymers. The 
degree of functionalization could also be easily controlled by tuning the crystal size. 
The carbon nanotube diameter should play an important role used as nucleating agent 
as it can be much smaller than a polymer coil in single-walled carbon nanotube 
(SWNT) case and also can be much larger than a polymer coil in carbon nano fiber 
case. Therefore the thesis also aims to build a depth understanding of how different 
CNTs induce polymer crystallization and the effects of all the experimental 
parameters such as polymer concentration, crystallization temperature, CNT 
concentration and solvent on the hybrid nanostructure. Applications in CNT 
dispersions, separation and polymer matrix nanocomposites will also be studied as 
part of the thesis. 
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 
2.1 Carbon Nanotubes 
           Carbon nanotubes (CNT) are molecular scale tubes of graphitic carbon with 
outstanding properties. Sumio Ijima of NEC laboratory at Tsukuba first discovered 
and characterized CNTs strucutrue.1 His transmission electron microscopy (TEM) 
graphs revealed needle like materials were produced at the negative end of electrode 
during arc discharge evaporation of carbon and each needle comprised of coaxial 
tubes of graphite sheets. The multi-walled nanotubes contained at least two layers, 
often many more, and ranged in outer diameter from about 3 nm to 30 nm. They were 
closed at both ends. It maybe important to note, however, that nanoscale tubes of 
carbon, produced catalytically, had been known for many years before Iijima’s 
discovery. CNTs are among the stiffest and strongest materials known, and have 
remarkable electronic properties and many other unique characteristics. For these 
reasons they have attracted lots of academic and industrial interest, with thousands of 
papers on nanotubes being published every year. 
 
2.1.2 Carbon Nanotubes Structure 
           The binding in carbon nanotubes is sp2 with each carbon atom joined to three 
neighbor carbon atoms, as in graphite. Graphite has a sheet like structure where 
carbon atoms all lie at the corners of hexagons in a plane and are only weakly bonded 
to the graphite sheets above and below with a interlayer distance of 0.34 nm. Carbon 
nanotubes can be considered as rolled-up graphene sheets (graphene is the term to  
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Figure2. 1 Carbon nanotubes structures 
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describe an individual graphite layer).21 Three types of nanotubes are possible, 
namely armchair, zigzag and chiral nanotubes, depending on how the two-
dimensional graphene sheet is rolled up, as shown in the Figure 2.1. The primary 
symmetry classification of a carbon nanotube is as either achiral or chiral. Both 
armchair and zigzag nanotubes are achiral since their mirror image has an identical 
structure to the original one. Chiral nanotubes exhibit a spiral symmetry whose mirror 
image can’t be superimposed to the original one. 
           The different structure can be most easily explained in term of the unit cell of 
carbon nanotubes in Figure 2.2. The so-called chiral vector of the nanotube, Ch, is 
defined by Ch = na1 + ma2, where a1 and a2 are unit vectors in the two-dimensional 
hexagonal lattice, and n and m are integers. Another important parameter is the chiral 
angle, which is the angle between Ch and a1. An armchair nanotube corresponds to 
the case of m=n and a zigzag nanotube corresponds to the case of m=0. All other (n, 
m) chiral vectors correspond to chiral nanotubes.  
             The diameter of CNT, Dt, can be calculated by L/π, in which L is the 
circumference of the carbon nanotube: 
 nm)m2(n2 ++== aLDt π ....................................................................................2.1 
Where the lattice constant a=0.249 nm. For example, the diameter of the zigzag 
nanotube (9, 0) in the figure 2.1 is Dt= 0.882 nm. 
              The chiral angel θ denotes the tilt angle of the hexagons with respect to the 
direction of carbon nanotube axis. It can be calculated by the following equation: 
mn
m
+= 2
3tanθ ............................................................................................................2.2 
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Figure 2.2 Carbon nanotube lattice 
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2.1.2 Carbon Nanotubes Physical Properties                               
           The special nature of carbon combines with the molecular perfection of 
nanotube structure to endow them with exceptional material properties, such as very 
high electrical and thermal conductivity, strength, stiffness, and toughness. No other 
element in the periodic table bonds to itself in an extended network structure with the 
strength of the carbon-carbon bond. The delocalized π-electron donated by each 
carbon atom is free to move along the entire structure, rather than remain with its 
donor atom, giving rise to the first known molecule with metallic-type electrical 
conductivity. Furthermore, the high-frequency carbon-carbon bond vibrations provide 
an intrinsic thermal conductivity higher than even diamond. 
             CNTs represent a mixture of molecules with different diameters, length and 
chirality. To date, synthesis and purification methods are still not successful enough 
to obtain carbon nanotubes with all similar structures. However, applications require 
a detailed understanding of physical properties of a single molecule. For investigation 
on a single carbon nanotube, the different carbon nanotubes have to been well 
separated in the sample. Handling and measuring properties of a single carbon 
nanotube can be realized by AFM (Atomic Force Microscopy) technique. 
               In order to perform measurements on a single CNT, it must be isolated on a 
measuring site, which is, most of the times, called a Micro-electromechanical System 
(MEMS). These systems have predetermined dimension and topography for placing a 
nanotube. Treacy and co-workers first measured the Yong’s modulus of MWNT.22 
The average value of the Young’s modulus was 1.8TPa for 11 tubes. Their method of 
measuring thermal vibration amplitudes by TEM was extended to measure SWNT.23 
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There were then a number of experimental reports on the mechanical properties of 
CNT. 
             In Falvo’s work, a hybrid atomic force microscope/scanning electron 
microscope (AFM/SEM) system was used.24 First, an individual multi-walled carbon 
nanotube was picked up from a CNT “cartridge” with an AFM tip due to van der 
Waals forces. In four steps (Figure 2.3) the CNT is placed across the gap and is 
welded to the system by electron beam deposition. This is a technique that uses a 
focused SEM electron beam to dissociate organic species in a specific area and 
deposit the residual ionized organic gas molecules on the junction of the CNT with 
the measuring system. It takes approximately 15 minutes to weld a single side of a 
CNT. After positioning and welding, electric and/or mechanic measurements can be 
carried out. Stress strain relationships can be measured as well using the AFM tip to 
apply a strain to the CNT. 
The reported Young’s modulus of CNT is in the order of 1 - 1.2 TPa, tensile 
strength in the order of  36GPa at a failure strain of 6%.25, 26 However, there are 
discrepancies in the values of reported tensile modulus and strength for CNT as a 
result of different testing methods, calculation and system errors. 
Electronic conductivity of CNT was predicted by Hamada, Saito and 
Mintmire, to depend sensitively on tube diameter and chiral angle, with only slight 
difference in one parameter causing change from a metallic to semiconductor state.27-
29 The first experiments that directly address these theoretical predictions were carried 
out at almost the same time by Wildoer30 and Odom31 using low temperature 
Scanning Tunneling Microscopy technique (STM). STM allows the correlation 
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Figure 2.3 (a) AFM tip with CNT brought to MEMS. (b) CNT contact to left 
side ad SEM contamination welded to the polysilicon surface. (c) AFM tip 
moved to right stretching the CNT across the gap. (d) AFM tip places CNT 
down on pointer surface and CNT is pinned by SEM electron beam welding.5 
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Figure 2.4 Atomically resolved STM images of individual SWNTs 11 
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between atomic and electronic structures of SWNT. Their pioneer studies confirmed 
the existence of both metallic and semiconductor nanotubes for a wide range of 
structures. 
As the STM images obtained by Wildoer30, the lattice on the surface of 
SWNT allows a clear identification of the tube chirality. The electronic properties of 
MWNT are similar to SWNT, because the coupling between graphitic layers is weak 
in MWNT. Electron transport in metallic SWNT and MWNT occurs ballistically over  
long nanotube lengths, which enable them to carry high current densities of up to 
1011A/m2.32 The measured room temperature thermal conductivity for an individual 
MWNT  (>3000W/m·K) is greater than that of natural diamond and the basal plan of 
graphite (both 2000 W/m·K).33  
 
2.2 Polymer Crystallization 
   When a polymer is cooled down from the melt or concentrated from a dilute 
solution, molecules are attracted to each other forming a solid mass. In doing so, two 
arrangements are possible: first, molecules vitrify, and the random coil and 
entanglement are frozen; second, the individual chains are folded and packed in a 
regular manner characterized by three dimensional long range orders. The concept of 
crystallinity in polymers must be viewed slightly different from small molecules. 
Normally crystalline domains containing many imperfections coexist and are 
connected with disordered amorphous domains by polymer chains running through. 
Consequently crystalline polymers are termed as semi-crystalline polymers. Polymer 
crystallization is a relatively slow process and it occurs over a range of temperature as 
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contrast to small molecules crystallization. The tendency for a polymer to crystallize 
depends on the magnitude of intermolecular bonding forces as well as structure 
features such as structure regularity, chain flexibility, polarity and size of substituents.  
 
2.2.1 Lamellar Structure 
When polymers crystallize from melt or solution, most of cases, it will form 
thin lamellae structure (Figure 2.5), with a thickness about 100 Ǻ, in which the 
molecules are folded back and forth on themselves. The size, shape, and regularity of 
the crystals depend on their growth conditions. Such factors as solvent, temperature, 
concentration, and rate of growth are important. The thickness of the lamellae, for 
instance, depends on the crystallization temperature as well as any further annealing 
treatments. For some polymers, in order to obtain single crystal lamellar it is desirable  
to have crystallization take place at an elevated temperature, as close to the melting 
point as possible. At these temperatures the molecules have sufficient mobility to 
disentangle and pack into lattice. It is thus desirable to use a relatively poor solvent. 
 
2.2.2 Spherulite Structure 
            Crystallization of many polymers from melt often results in so called 
spherulites that are large enough to be observed in optical microscopy. As the name 
suggested, they are in the spherical shape. Polymer spherulites are not single crystals, 
but contain both crystalline and amorphous domains.  
           One unique feature of polymer spherulites is the so called Maltese cross 
(Figure 2.6).  The origin of the pattern is from anisotropic nature of polymer optical 
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properties. There is a difference in the refractive index along polymer chain direction 
and the perpendicular direction. When a light passes a polarizer and polymer 
spherulites, it becomes out of plane and thus appears dark after come out from the 
second polarizer at θ =0° and 90°.  
 
2.2.3 Shish kebab Structure 
          Polymer shish kebab crystals were formed under shear field in melt or solution 
state. It was first observed in 1960s by Pennings.34, 35 His electron micrograph in 
Figure 2.7 cleared showed the structure of flow-induced PE shish kebab crystals.  A 
shish-kebab polymer crystal usually consists of a central fibril (shish) and disc-shaped 
folded-chain lamellae (kebab) oriented perpendicularly to the shish. It is generally 
understood that the shish of these crystallites was formed by crystallization of fully 
stretched or extended chains. The kebabs are believed to be folded-chain lamellar 
structures. The growth direction of the kebabs is normal to the shish. The chain 
alignment in the kebabs is parallel to the shish. For a polymer solution (i.e. 5% 
polyethylene/xylene) under an extension/shear flow, polymer chains which normally 
possess a coil conformation might undergo a coil-to-stretch transition.36 If the chain is 
longer than a critical molecular weight (M*),  the stretched polymer chains aggregate 
to form extended fibrillar crystals.37 The remaining coil polymer chains could then 
crystallize upon the fibrillar crystals in a periodic fashion, forming the shish-kebab 
morphology.
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Figure 2.5 Optical light image of a PEO single crystal lamellar 
 
Figure 2.6 Polarized light microscopy (PLM) experimental set up 
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Figure 2.7 Electron micrograph and schematic of shish kebab structure34 
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2.3 Carbon Nanotubes Surface Modification 
             One challenge of carbon nanotubes from processing point of view is their low 
solubility in any solvent. Tour et al. conducted detailed research on solubility of 
SWNTs in common organic solvents.381, 2 Dichlorobenzene (DCB) was found to be 
the best solvent to dissolve SWNT and the solubility is about 95mg/L. Therefore, 
many applications utilizing CNTs require surface modification to make them 
amenable to processing or manipulation. To this end both covalent and non-covalent 
methods have been invented and recently reviewed by different groups.7, 39-44 
 
2.3.1 Covalent Method 
           The pristine carbon nanotube sidewalls are expected to be inert to most 
chemicals. Fluorination reaction was first chosen to modify CNT surface as it was 
shown in the chemical transformation of graphite.45 It was first demonstrated by 
Hamwi et al. important modification of the nanotubes structure was observed after 
reaction at high temperature (500 °C) as against the behavior observed during 
reaction at room temperature.46 Covalent bonding with fluorine was confirmed by 
Infrared Spectroscopy (IR), through the C-F vibration at 1220-1250cm-1.  
           The sidewall of CNTs contains defect sites (Figure 2.8) such as pentagon-
heptagon pairs called Stone-Wales defects, sp3-hybridized defects and vacancies in 
the nanotube lattice.44A general strategy of generating defect groups on CNT 
sidewalls is to treat CNTs with strong acids such as nitric acid, or with other strong 
oxidizing agents such as KMnO4/H2SO4, oxygen gas, K2Cr2O7/H2SO4 or OsO4。7 
Many other chemical species can therefore be linked onto the ends or defect sites of 
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CNTs. This “defect site chemistry” method was first demonstrated by Liu and 
coworkers.47 They found that the acid-cut nanotubes were terminated with 
carboxylates, which could be further reacted with thiol-alkylamines through 
amidation reaction. Functionalized SWNT was characterized by AFM after tethered 
with gold nanoparticles to the thiol groups. Direct thermal blending oxidized CNTs 
with alkylamines is an easier way to produce long alkyl chains modified SWNT  
through the formation of zwitterions.48 Fractionation of SWNTs by their length( 
250nm to 50nm) was demonstrated via gel permeation chromatograph after forming 
zwitterions functionalized SWNTs.49   
              Polymers can be grafted on to nanotube surface by two methods which are 
defined as “grafted to” and “grafted from”.  The former started from the synthesis of a 
polymer with a specific molecular weight followed by end group transformation. 
Subsequently, this polymer chain is linked to the graphitic surface of CNT by a 
covalent bonding. The “grafted from” method is based on linking of initiator on the 
surface of the nanotubes and subsequent propagation of the polymerization in the 
presence of monomer species. By using “grafted to method” polystyrene was grafted 
to CNT surface under amidation or esterification reactions.50 Poly (ethylene oxide) 
PEO was grafted to CNTs firstly by Jin and his coworkers.51  Poly (methyl 
methacrylate) (PMMA) can be grafted to CNT surface by a simply sonochemical 
reaction as suggested by Koshio.52  While by using “grafted from” method different 
polymers were also grown on nanotube surfaces. Qin et al also  modified SWNTs by 
polystyrene and poly styrenesulfonate (PSS).53, 54 Poly (4-vinylpyridine) (PVP) was  
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Figure 2.8 Defects in a SWNT. (a) Pentagon or heptagon carbon rings in the 
CNT lead to a bend in the nanotube. (b) sp3 hybridized defects(R=H and OH). 
(c) COOH groups created by oxidation. (d) Open end of the SWNT, terminated 
with –COOH groups. Besides carboxyl end groups, other functional groups 
such as –NO2,-OH, -H, and =O are possible. 
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grown on single-walled carbon nanotubes (SWNT) during in situ free radical 
polymerization of 4-vinylpyridine.55 Polyacrylonitrile (PAN) modified MWNTs were 
synthesized by Petrov and his coworkers via a electrochemical reaction process.56  
 
2.3.2 Noncovalent Method 
          Reaction with the graphitic sheet results in breaking of the sp2 conformation of 
the carbon atom. The conjugation of the CNT wall is therefore disrupted, and it has 
been observed that, as compared to the pristine tubes, electrical and mechanical 
properties of the chemically functionalized CNT decreased dramatically.10, 11 Garg et 
al. studied the effects of covalent chemical attachments on the mechanical properties 
of single-walled CNTs by molecular dynamics simulations. The maximum 
compressive (buckling) force for various functionalized and non-functionalized CNTs 
was calculated. It was found that covalent chemical attachments decrease the 
maximum buckling force by about 15% regardless of CNT helical structure or 
radius.11 Bekyarova et al. studied electronic behavior of SWNT and covalently 
functionalized SWNT. The room-temperature conductivities of thin films deposited 
from as-prepared and purified SWNTs are in the range sigma (RT) =250-400 S/cm. It 
was found that chemical functionalization of SWNTs with octadecylamine (ODA) 
and poly (m-aminobenzenesulfonic acid) (PABS) significantly decreases the 
conductivity; sigma (RT) = 3 and 0.3 S/cm for SWNT-ODA and SWNT-PABS, 
respectively.10 
            Compared to covalent functionalization method, noncovalent 
functionalization of CNT is more attractive because it offers the possibility of 
  
21
 
Figure 2.9 Possible wrapping arrangement of PVP on a SWNT16 
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effective modification of CNT surface without affecting the electronic network of the 
tubes.  Professor Smalley’s group is among the first to conduct noncovalent 
functionalization of CNTs.16, 57  They have shown that surfactants such as 
benzalkonium chloride or sodium dodecylsulfate (SDS) can enhance SWNT 
dispersion in aqueous phase due to minimized interaction of hydrophobic surface of 
CNT with solvent.57  
           SWNT was also solubilized in water after surface wrapping by linear 
polymers, most successfully with polyvinyl pyrrolidone (PVP) and polystyrene 
sulfonate (PSS). SWNTs will be released from the wrapping polymer upon the 
change of solvent.16  Several possible wrapping manners of PVP on SWNTs 
including double helix, triple helix and backbone rotation were also discussed in their 
paper(figure 2.9).16 
            Poly (m-phenylene-co-2, 5-dioctoxy-p-phenylenevinylene) (PmPV) is an 
important photonic material, which means that it has distinctive UV/Vis absorption 
and fluorescence spectra, and can harvest light. When appropriately doped, PmPV 
devices exhibit photovoltaic responses. Professor Stoddart at UCLA found out that 
PmPV and its derivatives will wrap CNT in organic solvents such as CHCl3, leading 
to homogenous dispersion.58, 59 60The supramolecular compounds exhibited 
remarkable properties. For example, it showed conductivity eight times higher than 
that of pure PmPV, without any restriction of its luminescence properties. The 
promising optoelectronic properties of the SWNT/PmPV complexes have been used 
in the manufacture of photovoltaic devices.58, 61 
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Figure 2.10 Amine groups on a protein react with the anchored succinimidyl 
ester to form amide bonds for protein immobilization. Lower panel: A TEM 
image of an as-grown SWNT on a gold TEM grid.15 
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             The method developed by Professor Dai at Stanford involves using a 
bifunctional molecule: 1-pyrenebutanoic acid succinimidyl ester (Figure 2.10).15 The 
pyrenyl group at one end of this molecule strongly interacts with SWNT and 
succinimidyl ester group at another end reacts with amine groups on protein surface 
via formation of amide bonding. A wide range of biomolecules such as ferritin, 
streptavidin, and biotinyl-3, 6- dioxaoctanediamine (biotin-PEO-amine) were 
immobilized on SWNT by this method. 
           Pyrene based molecules were reported by other groups for CNT noncovalent 
fucntionalization purpose. 62-64  Chen et al. have demonstrated pyrene modified CNT- 
based biosensors capable of the selective detection of proteins in solution. 63 SWNT 
with several water-soluble pyrene derivatives (pyrene-), which bear negatively 
charged ionic headgroups was studied by Guldi et al. These nanohybrids formed 
stable suspension in aqueous media.64 
Single-stranded DNA (ssDNA)has also been used to modify SWNTs. Zheng 
et al. first found that purified HiPco nanotubes can form complex with any ssDNA in 
the presence of a denaturant with mild sonication.17 The primary role of denaturant 
seems to be to disrupt base-pairing [G (guanine): C (cytosine) and A (adenine): T 
(thymine) base paring]. For as-produced HiPco CNTs, in addition to ssDNA, short 
double-strand DNA and total RNA extracted from Saccharomyces cerevisiae and 
Escherichia coli were also able to disperse SWNTs. These DNA-coated CNT 
solutions are stable for months at room temperature. Electronic absorption spectra of 
DNA-CNT solutions show well-resolved structures and systematic dependence on PH. 
Near-infrared fluorescence from DNA-CNT solutions were also observed, indicating 
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Figure 2.11 AFM image of DNA/ SWNT complex17 
 
Figure 2.12 Mechanism of DNA assisted CNT separation. (a) AFM phase 
image of d (GT) 30 wrapping CNT. (b) Proposed hydrogen bonding 
between two d (GT) strands. (c) Schematic of an anion exchange 
separation process.18 
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the existence of individual CNTs in the solution. Figure 2.11 shows the AFM images, 
indicating a length distribution of 50-1000nm with the tube diameters ranging from 1-
2 nm. 
             In comparison with other polymers that disperse CNTs, DNA is much more 
efficient. It was demonstrated that 1 mg DNA can disperse an equal amount of as-
produced HiPco CNT in 1 ml volume, yielding 0.2-0.4 mg/ml CNT solution after 
removal of nano-soluble materials by centrifugation. The solution can be further 
concentrated to 4 mg/ml. The high efficiency was attributed to DNA chain flexibility 
and backbone charge.  
             An ssDNA molecule is flexible in bond torsion within the sugar-phosphate 
backbone. This flexibility might allow the molecule to find low-energy conformations 
that maximize base-CNT stacking interaction. DNA-CNT interaction were simulated 
and Figure 2.12 shows one example of the DNA (poly (T)) conformation on a (10, 0) 
CNT. 18 
            Right handed helical conformation is evident. The bases are extended from the 
backbone and stack onto the CNT. The sugar-phosphate backbone is exposed to the 
solvent. The authors also pointed out that there are many allowed ways in which short 
ssDNA strands can bind to the CNT surface, including helical wrapping wit right- and 
left- handed turns or simply surface adsorption with a linearly extended structure. The 
authors also compared the free energy of DNA-CNT hybrid with that of the 
individual CNT and the poly (T) strand. The binding enthalpy is ~ -1.17 ev/nm and 
the bonding entropic penalty was ~ 0.15 ev/nm at 300K. Therefore, the enthalpy of 
binding is the dominant term in the free energy of binding. The free energy of 
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association of two CNTs was found to be -1.12 ev/nm, indicating that the binding of 
ssDNA onto CNTs can compete quite effectively with the know strong tendency of 
nanotubes to cling to each other and form ropes. Note that the calculation did not 
account for the effect of solvent; but the author argued that solvent might well favor 
the binding even further because the DNA backbone is available to be solvated, hence 
reducing the surface tension associated with CNTs. 
              One unique advantage that DNA/CNT can offer is the potential solution to 
separation of CNTs according to their electronic properties. The phosphate groups on 
a DNA-CNT hybrid provide a negative charge density on the surface of the CNTs and 
its distribution should be a function of the DNA sequence and electronic property of 
the CNTs. It is envisaged that assuming everything else being equal, DNA-metallic 
CNT is predicted to have less surface charge than DNA-semiconducting CNT due to 
the opposite image charge created in the metallic CNTs. Using the ion-exchange 
liquid chromatography coupled with optical absorption spectral changes, Zheng et al. 
demonstrated that this is an efficient means to separate CNTs having different 
electronic properties.17, 18 Furthermore, it was found that the separation efficiency 
critically depends upon the DNA sequence. Among the DNA sequences tested, poly 
d(G/T) and poly d(G/C) showed the largest variation in the optical absorption spectra 
from fraction to fraction, among which, a sequence of repeats of alternating G and T, 
d (GT)n with total length ranging from 20 – 90 bases showed the highest efficiency in 
CNT separation. Figure 2.13 shows the ultraviolet-visible-near infrared (UV-Vis-near 
IR) absorption spectra of DNA-CNT using d (GT) 20. The starting materials yielded a 
spectrum typical of singly dispersed CNTs in aqueous solution, with multiple peaks 
  
28
 
Figure 2.13 Absorption spectra of fractioned CNTs.18 
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 arising from different types of CNTs overlapping across the entire spectrum. The 
spectrum from an early fraction f35 has one major peak centered at 980 nm in the S11 
region (900-1600 nm), corresponding to the S11 transition fro the smallest diameter 
semiconducting tubes found in HiPco CNTs. Additional M11 transitions (400-650 nm) 
were enhanced, indicating an enrichment in metallic tubes. For later fractions, S11 
shows a shift of intensity toward longer wavelength, indicating a gradual increase in 
average semiconducting tube diameter from early to later fraction. Decrease in M11 
indicates that in the late fractions, fewer metallic tubes exist. Figure 2.12 shows the 
AFM images of d (GT) n-CNT hybrids and a uniform periodic structure with a 
regular pitch of ~18 nm was observed. The authors also proposed that for d (GT) n, 
two anti-parallel d (GT) n strands interact with each other through hydrogen bonds to 
form a double-stranded strip, which then wraps around the CNT with close-packed 
bases. This double strands conformation is due to the hydrogen bonding network 
between two d (GT) n stands and is more rigid and have fewer allowed conformations 
than a single helical structure. This is consistent with the double-, triple- helical 
wrapping envisioned by O’Conner et al. 16 DNA-stabilized CNTs have shown liquid 
crystal behavior. Using Salmon DNA and HiPco CNTs, Badaire et al. demonstrated 
that the DNA-CNT hybrids are homogenous and isotropic up to a CNT concentration 
of 2 wt %, at which nematic domains were observed and these domains coexist with 
isotropic phase. As increasing CNT concentration, the proportion of nematic phase 
increases and above 4 wt %, the entire sample was birefrigent and exhibited a 
classical Schlieren texture of a nematic phase. 65 
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Figure 2.14 Schematic of left-hand wrapping by amylose on SWNT.66 
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  Star et al. recently demonstrated that starch, in particular its linear component, 
amylose form, can also be used to wrap SWNTs.66 Amylose is composed of alpha-1, 
4 linkages between D-glucopyranose residues and adopts a left-handed helical 
conformation in aqueous solution. Amylose can form inclusion complexes as a result 
of hydrophobic interactions between guest molecules and the cylindrical cavity inside 
the amylose helical, which comprised ~ six alpha-D-glucopyranose resides per turn; 
the unique feature of this complex is that the cavity diameter of the amylose helix is a 
variable dimension that allows the biopolymer to adapt itself and accommodate 
different guest molecules.  
Molecular dynamics calculation was carried out to prove the nature of the 
interactions between a short (6, 6) SWNT and an amylose fragment (maltooctaose) 
containing 8 repeating residues. As shown in Figure 2.14, maltooctaose wraps around 
the SWNT in a left-handed helical fashion. The hydrophobic faces of the D-
glucopyranose residue interact with the hydrophobic surface of the nanotube leaving 
the three hydroxyl groups on C-2, C-3 and C-6 to orient them so that they point 
outwards into the aqueous phase surrounding the complex and form hydrogen bonds 
to the water molecules coating its hydrophilic surface. Star el al. found that SWNTs 
are not soluble in an aqueous solution of a starch while they are soluble in an aqueous 
solution of starch-iodine complex. It was thus suggested that the initial reorganization 
of the amylose in starch into a helical conformation by iodine prepares the way for a 
SWNT or SWNT bundles to displace the small molecules inside the helix by a “pea-
shooting mechanism, which is supported by using amylose (linear component of the 
starch) and amylopectin (the branched component). Results showed that 
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Amylose/iodine complex could enhance the solubility of SWNT in water while 
amylopectine/iodine could not, which was attributed to the braches of the 
amylopectin which prohibit the complex formation of amylopectine with iodine. In 
addition to amylose/iodine complex, amylose/n BuOH complex was also found to be 
able to solubilize SWNTs in water.66 
Kim et al. carried out similar research and they demonstrated that pure 
amylose can also solubilize SWNTs in water with adding DMSO as the co-solvent. 
Using UV/vis absorption at 500 nm, Kim et al. found that the solubilization is low at 
a higher DMSO >50%, it increases sharply between 30-50% DMSO, reaching a 
maximum around 10-20%. They further suggested that once binding between SWNT 
and amylose occurs, encapsulation/folding proceeds very quickly because the 
predominated SWNT suspension dissolved almost immediately upon addition of 
amylose solution, followed by a brief sonication. The lower solubilization in 100% 
water as opposed to 10-30% DMSO was attributed to the poor solubility of amylose 
in water.19 
 
2.3.3 Filling Carbon Nanotubes 
            The inner cavity of CNTs offers chances to store various compounds 
thereafter to change CNT’s physical properties. Professor Luzzi’s research group67 at 
University of Pennsylvania and Professor Green at University of Oxford 68  are two 
pioneers in the field of filling SWNTs. C60 or fullerenes were contained in SWNTs 
during nanotube synthesis, purification and annealing process. Smith et al. 
characterized the so call “peapod” structure using high resolution transmission 
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electron microscopy (HRTEM) (Figure 2.15).While in Green’s work, RuCl3 was 
filled in SWNTs, which was subsequently reduced to metallic Ru.68  Later on various 
halide compounds such as KI, CdCl2, AgClxBry and etc. were filled in SWNTs and 
their peculiar crystallization behavior inside SWNT (Figure 2.16) was conducted by 
the same group.69-71 
              There are generally three major methods to fill in different molecules into 
opened SWNTs.  The first method involves heating open SWNT and materials to be 
introduced together in a sealed glass ampoule under vacuum above the sublimation 
temperature. This method is quite successful to prepare peapods due to relatively low 
sublimation temperature of fullerenes (~350°C).72, 73 Filling in a liquid medium with 
the fillers together with SWNT within a sealed ampoule is the most common route 
used so far for SWNT based hybrid nano objects other than peapods.70, 71, 74, 75 
             In addition to the above filling methods, solution phase chemistry has also 
been used to fill in SWNTs.68, 75 The advantage is that the heat treatment temperature 
can be as low as room temperature.76 Recent work by Gogotsi showed magnetic tubes 
can be produced by filling CNTs with paramagnetic iron oxide particles (~10 nm 
diameter).77 Using external magnetic fields it was demonstrated that almost 100% of 
CNTs became magnetic and can be easily manipulated in magnetic field. The author 
envisioned that these one-dimensional magnetic nanostructures can find numerous 
applications in nanotechnology, memory devices, optical transducers for wearable 
electronics, and in medicine. The endohedral functionalization of SWNTs is also of 
great interest as precursor materials to create subsequent structure. For example, 
peapod offers a potential pathway to produce double-walled carbon nanotube (DWNT) 
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Figure 2.15 A SWNT containing a row of C60 molecules inside. Scale bar, 
2.0nm.67 
 
Figure 2.16 Phase image showing a 110 projection of KI incorporated within a 
1.6nm diameter SWNT, reconstructured from a focal series of 20 images. The 
upper left inset shows an enlarged view of region 1. The lower right inset 
shows the surface plot of region 1.70 
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with a very narrow distribution of the inner tube diameter.78 
 
2.4 Carbon Materials Induced Polymer Crystallization 
Previous research shows that carbon materials, in various forms, are able to 
induce polymer crystallization. Three types of related research can be summarized 
regarding polymer crystallization induced by carbon materials: 
 
2.4.1 Epitaxial Growth of Polymer on Highly Ordered Pyrolytic Graphite (HOPG) 
Sano et al. observed the epitaxial growth of polymers such as Nylon 6, 
poly(tetrahydrofuran), poly(oxacyclobutane), and poly(ethylene oxide), etc. on 
graphite surface using scanning tunneling microscopy (STM) and atomic force 
microscopy (AFM) techniques.79 These polymer chains have been found to possess a 
trans conformation and align parallel to [100] or [110] direction of the graphite 
lattice. Poly(hexamethylene-hexamethylenediurethane) formed thin crystalline layers 
on graphite during polyaddition of diol and diisocyanate in a homogeneous solution, 
STM observations indicated that the film has been grown epitaxially.80, 81 Recently 
Sergei et al. reported polymer brush epitaxially formed long range order on HOPG.82 
They explained that the combination of wetting-induced flow and epitaxial adsorption 
of poly (n-butylacrylate) side chains on graphite led to the formation of large domains 
of uniaxially oriented rod-like molecules. 
Graphite induced polyethylene (PE) crystallization was also reported by 
Tuinstra et al..83  (001) face of graphite was cleaved in 0.01wt% PE /xylene solution 
at temperature between 90 °C to 115 °C. Electro micrographs in Figure 2.17 showed 
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PE formed oriented rod-like crystallites on the graphite surface and the preferred 
orientations are 60° apart. The optical diffraction pattern (inset of Figure 2.17) 
displays the preferred hexagonal orientation directions. The authored explained that c 
axis of the polyethylene is parallel to a axis of graphite; the corresponding cell 
dimensions are 2.55Å and 2.46Å, respectively, resulting in a lattice mismatch of 
3.5%.Annealing of PE single crystals on various kinds of substrates including 
amorphous carbon film and HOPG was studied by Nakamura using AFM.84 PE single 
crystals behaved quite differently on amorphous carbon and on HOPG: on HOPG, 
fibril-like crystals were produced, extending radially from the center of polyethylene 
single crystals, while on amorphous carbon, lamellae thickened and melted down 
without forming any peculiar texture. This difference was caused by the difference in 
atomic array between the surfaces of HOPG and amorphous carbon. 
 
2.4.2 Carbon Fiber (CF)-induced Polymer Crystallization 
In order to achieve CF reinforced polymer composite, CFs, which are ~ 10 μm 
in diameter, have been studied extensively concerning its induction effect on 
transcrystalline formation which may affect stress transfer efficiency between the 
reinforcing fiber and the matrix.37, 85-98 In all semicrystalline polymer composites, CF 
induces heterogeneous nucleation with sufficiently high density along the interphase 
region. These nuclei will hinder the lateral extension and restrict growth in one 
direction, so that a columnar layer develops around the CF, known as 
transcrystallinity (TC) first described by Jenckel et al. in 1952.85, 88, 95, 99 TC proceeds  
  
37
 
 
 
Figure 2.17 Epitaxial crystallization of polyethylene on the c-face of graphite 
single crystal. In the right top is the optical diffraction pattern of the 
micrograph. The arrow shows the shadowing direction; the bar at the bottom 
is equivalent to one micron.83 
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perpendicularly to CF axis until the growing front impinges with spherulites 
nucleated in the bulk. The mechanism by which TC occurs is not fully understood 
and the effects of TC on the interface and properties of composites remain in dispute. 
85, 95 However, many researchers proved that formation of TC could improve the 
interfacial properties and stress transferring from matrix to reinforcing materials.95, 
100-103 Hsiao et al. studied various types of carbon fibers with three polymers 
including poly (etherketoneketone) (PEKK), poly (etheretherketone) (PEEK), and 
poly (phenylenesulfide) (PPS).95 They found that poly (p-phenylene terephthalamide) 
PPDT, aramid and pitch-based carbon fibers induce a transcrystalline interphase in all 
three polymers because of an epitaxial effect. The microdebonding test showed more 
than 40% increments for various CFs systems with transcrystalline interphase versus 
without.  Nielsen and his coworkers used Raman spectroscopy method to study the 
thermal residue strain during and after the manufacture of CF/PP composites. The 
residual strains resulted in compressive fiber failure and a transcrystalline interphase 
provides a more effective load transfer compared to the non-transcrystalline 
interphase.103  Wang, et al. proposed that thermal stress induced orientation and 
relaxation of polymer chains was accounted for the development of TC layers and 
suggested that the presence of small-scale grooves at the fiber surfaces will cause the 
concentration of thermal stresses and enhance the nucleation process.88 It has been 
recognized that the competition between nucleation on the CF surface and that in the 
bulk polymer controls the crystallization mechanism and morphology. Li, et al. 
studied effect of CF on PEEK crystallization and suggested CF exerted a long range 
effect on PEEK bulk crystallization.87 
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A number of polymers [such as isotactic polypropylene (iPP), PE, Nylon 
66,poly( etheretherketone) (PEEK), poly(phenylenesulfide) (PPS) , etc.] can 
epitaxially grow on CF surface.37, 85, 87, 97, 104, 105   The term epitaxy refers to the 
deposition of one material on the surface of another so that the crystal structure of the 
growing material can develop at or neat the lowest energy state possible. Wittmann 
and Lotz have described the degree of disregistry and they argued the limit of 
acceptable epitaxial disregistry to be about 10%. 106  The research work on CF 
induced PEEK crystallization by Wang and his coworkers suggested the epitaxially 
grown PEEK crystals have certain orientations on CF. The first lamella is formed 
orientationally in the CF surface in the way that PEEK a axis is parallel to the radial 
direction of CF, the b direction parallel to the tangent line of cross section of CF, and 
the c axis parallel to the axis of the CF.97 Epitaxy crystallization of nylon66 on CF 
has not been fully understood yet. 107-109 Klein, based on his XRD results, suggested 
that nylon66 chain is oriented predominantly perpendicular to the CF axis.108 
However, Greso argued that nylon66 chains should orient along CF surfaces between 
graphite basal plane edge based on his epitaxial disregistry calculation.109  Bless et al. 
and Frayers shown nylon66 c axis is aligned along CF axis when fiber possess 
graphite basal plane edges using XRD.110, 111 
The effect of CF on polymer crystallization kinetics is also well reported. 37, 87, 
88, 92, 98, 107, 112, 113 Crystallization kinetics of isotactic polypropylene (iPP) 
nanocomposites melt containing modified CFs was investigated by SAXS (small-
angle X-ray scattering) and WAXD (wide-angle X-ray diffraction) techniques under 
both quiescent and shearing conditions by Kelarakis and coworkers. Under quiescent 
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conditions, the nucleating effect of CFs on crystallization of iPP was pronounced and 
the system exhibited a remarkably low saturation point (ca. 0.05 wt% of CFs). Under 
the shear conditions, the CF/iPP system exhibited notably faster kinetics compared 
with pure iPP melt. The oriented crystalline fraction was found to decrease with the 
CF loading, indicating the competition between oriented crystals (induced by shear) 
and unoriented crystals (due to the nucleating effect of CF). 37Klein et al. studied 
crystallization kinetics from the melt of nylon 66 in the presence of carbon fiber, 
aramid fiber, or nucleating agent using differential scanning calorimetry (DSC).107 
The use of CF resulted in an increase in crystallization rate and a decrease of 
induction time under both isothermal and nonisothermal conditions. They explained 
CFs behaved like a giant nucleating site producing a uniform transcrystalline layer 
having morphology and crystallization kinetics different from those of the bulk 
matrix. The influence of the cooling rate on the process of nonisothermal 
crystallization was analyzed, and the values of activation energy, calculated from the 
cooling rate-crystallization temperature relationship, appeared to be higher for the 
nucleated and for the reinforced nylon compared with that of the neat nylon 66. This 
implied that the presence of fibers or nucleating agent led to the development of a 
more ordered structure. Li et al. used nonisothermal DSC to study the crystallization 
kinetics of CF/ PEEK composites. However they argued CFs had long-range effects 
on bulk crystallization of matrix polymer, which is rooted in the fact that the fibers 
tend to promote strain-induced nucleation in polymer.87 The same mechanism based 
on thermal stress-induced orientation and relaxation of polymer chains was also 
adopted by Wang et al. to explain the effect CF on polymer crystallization. The same 
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author also reported that topography of the fiber surface plays an important role as 
well. It is suggested that the presence of small-scale grooves at the fiber surfaces will 
cause the concentration of thermal stresses and enhance the nucleation process.88   
 
2.4.3 Carbon nanotube-induced Polymer Crystallization 
Recently, polymer CNT nanocomposites (PCNs) formed by CNTs and 
semicrystalline polymers such as Polypropylene (PP),114-118 PE,119-121 poly(vinyl 
alcohol) (PVA),122-125 poly(acrylonitrile) (PAN),126 PEEK89 , nylon127, 128 and 
thermoplastic elastomers such as polyurethane (PU) have been studied.129 In many 
CNT reinforced polymer matrix nanocomposites cases, at the polymer-CNT interface, 
a crystalline polymer layer formed around embedded CNTs and played crucial roles 
in terms of load transfer and mechanical property enhancement. It has been reported 
that the excellent mechanical properties of poly (vinyl alcohol) (PVA) multi-walled 
nanotube composites are closely related to the presence of this crystalline polymer 
layer.130 The presence of the nanotubes was found to nucleate crystallization of the 
PVA. This crystal growth is thought to enhance matrix-nanotube stress transfer. 
Microscopy studies found the fracture in the polymer matrix rather that the polymer-
nanotube interfaces, suggesting extremely strong interfacial bonding.123  
Grady et al. studied SWNT/ PP composites prepared by solution blending 
method. SWNTs promoted growth of β form of crystalline PP. In nonisothermal 
crystallization, crystallinity in the sample was the same for the filled and unfilled 
materials. However, for isothermal crystallization experiments, the percent 
crystallinity in the filled materials was slightly higher. Most importantly, the rate of 
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crystallization was substantially higher in SWNT/PP composites, as demonstrated by 
reduction of crystallization time roughly by a factor of 2.114  Valentini et al. found 
that SWNT nucleation effect is not linearly dependent on the SWNTs content, 
showing saturation at low nanotube concentrations. 115 They argued in the SWNT/PP 
films, the crystallization kinetics were strongly affected by the distance between the 
nanotube bundles as a result of a different intercalation of the polymer as 
demonstrated by Raman spectroscopy.116 
Sandler et al. studied CNT reinforced PEEK fibers. CNTs were found to be 
well aligned with the direction of flow during spinning process. Significantly, the 
degree of crystallinity of the PEEK matrix was found to increase with the initial 
addition of CNTs and the crystal structure was not affected.89 Ko and his 
collaborators studied SWNT reinforced PAN nanofibers produced by an electro 
spinning process.  Their TEM results showed SWNTs were aligned parallel to fiber 
axis and uniformly distributed in the composite fibers. AFM force measurements 
showed a larger increase in mechanical properties than prediction using rule of 
mixture.126  
MWNT and nylon6 nanocomposite prepared by melt-compounding method 
was studied by Liu et al. 127 A fine and homogeneous dispersion of MWNTs 
throughout nylon6 matrix was observed by TEM. SEM observation on the fracture 
surfaces of the nanocomposites showed not only a uniform dispersion of MWNTs but 
also a strong interfacial adhesion with the matrix, as evidenced by the presence of 
many broken but strongly embedded MWNTs in the matrix and by the absence of 
debonding of MWNT from the matrix. Tensile and nanoindentation tests as well as 
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DMA showed that the elastic modulus and the yield strength of the composite are 
greatly improved by about 214% and 162%, respectively, with incorporating only 2 
wt % MWNTs. In addition, a unique crystallization and melting behavior of MWNTs/ 
PA6 composites are observed. 
Figure 2.18 showed the DSC thermograms in their paper. Only the high 
temperature melting peak was observed in MWNT/nylon6 composite.  Sandler et al. 
reported MWNT/ nylon12 fibers produced by melt spinning method.  They compared 
the dispersion and resulting mechanical properties achieved for MWNTs produced by 
arc discharged and a variety of CVD techniques. A high quality of dispersion was 
achieved for all the catalytically-grown materials and the greatest improvements in 
stiffness were observed using aligned, substrate-grown, carbon nanotubes. The use of 
entangled multi-wall carbon nanotubes led to the most pronounced increase in yield 
stress, most likely as result of increased constraint of the polymer matrix due to their 
relatively high surface area. Crystallization peak temperature increases with 
increasing amount of MWNT in nylon12.128 
Most recently Kodjie and Haggenmueller reported crystallization behavior of 
CNT reinforced PE composites. 120, 121 In Kodjie’ work, PLM, TEM, SEM, DSC and 
TGA were used to study the morphology, crystallization behavior, and thermal 
stability of the composites. Thermal stability of composites showed dramatic 
enhancement (as high as 70 °C/115 °C improvement of Tmax in N2/air atmosphere, 
respectively). Most importantly they reported t1/2 decreased from 233s to 69s with less 
than 1wt% MWNTs. Haggenmueller also found SWNTs nucleated PE crystal growth 
and accelerate the crystallization kinetics. Using WAXS and SAXS, it was  
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nylon6 1% MWNT
 
Figure 2.18 DSC scans of nylon6 and 1wt% MWNT reinforced nylon6 
composites.127 
 
Figure 2.19 Plot of melting enthalpy via DSC of soft-segments (Tm= 38 °C, 
filled squares) and hard-segments (Tm=135 °C, open circles) within CNT/PU 
nanocomposites.131 
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 SWNT bundles templated the growth of PE crystals by imposing a growth direction 
perpendicular to the SWNT.120  
CNT/ PU nanocomposites were studied by Koerner et al. 129, 131 Figure2.19 
showed at low addition of CNT, the initial soft-segment crystallinity increases 
substantially, where as the CNTs have minimal impact on the hard segment 
crystalline content.131  They also demonstrated that the uniform dispersion of 1-5 vol. 
% of CNTs in a PU yields nanocomposites that can store and subsequently release, 
through remote means, up to 50% more recovery stress than the pristine resin. CNTs 
increased the rubbery modulus by a factor of 2 to 5 (for 1-5 vol. %) and improved 
shape fixity by enhancing strain-induced crystallization. CNTs absorbed infrared 
photons, melting strain-induced polymer crystallites and remotely triggered the 
release of the stored strain energy.129 
             Most reported works using Calorimetry method showed CNTs can induce 
polymer crystallization, indicated by the increase of Tm and Tc. 124, 127, 132-139 Using 
DSC non-isothermal and isothermal crystallization techniques; it has been found that 
t1/2 decreases with increasing CNT content in PCNs,121 indicating that CNT could 
induce polymer crystallization, however, the most important interface feature was still 
not well understood.  
 
2.5 Objectives  
As varieties of CNT surface modification methods were developed during the 
past few years, it has been realized that noncovalent method holds the advantages of 
maintaining CNT’s structure and properties. There is a need to develop a noncovalent 
method to modify CNT sidewall with variety of chemical structures. The major 
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objective of this thesis is to explore how the controlled polymer crystallization can be 
used as a mean to functionalize CNTs with different polymers and establish a 
relationship between polymer molecular weight, crystallization temperature, time, 
CNT diameter and resulting hybrid structure.  
To this end, CNT induced polymer crystallization will be systematically 
investigated. A variety of polymers (including polyethylene, nylon66, polyethylene-
b-SBR) will be used to modify the surface of different types of CNTs (including 
SWNT, MWNT and CNF) using polymer crystallization method. We aim to establish 
the relationship between the types of the CNT, polymer structures, crystallization 
conditions with the structure of final polymer decorated CNTs.  A number of 
potential applications of this unique method will also be discussed. 
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CHAPTER 3: MATERIALS AND METHODS 
3.1 Materials 
Different types of carbon nanotubes have been used in this study. They have 
different diameters, structure and different surface chemistry, depending on the 
synthetic techniques used.  
All information on CNTs used in this study is listed in Table 3.1 including 
synthetic methods, vendors, outside diameters (OD) and lengths. In general, CNTs 
were washed with 2.4 M nitric acid for 30 mins. The resulted CNTs were then 
centrifuged, collected and dried in a vacuum oven.  
Table3.1 Source of CNTs 
Category Syntheti
c method 
Vendor OD Length 
SWCNT HiPCO Carbon 
Nanotechnolog
y Inc. 
0.8-1.3nm ~micron 
MWCNT-10 
(Product # 
406074) 
Arc 
Discharge 
Sigma 5-15nm 1-10μm 
MWCNT-25 
(Product 
#1240XH) 
CVD Nanostructure
d & Amorphous 
Materials, Inc 
20-30nm 0.5-2μm 
CNF(PR-19-
HHT) 
CVD Applied 
Science Inc. 
100-300nm 30-100μm 
 
Table3.2. Source of Polymers 
Category Source MW Mn PI 
HDPE(SRM1482a) NIST 13,600 11,400 1.19 
HDPE(SRM1484a) NIST 119,600 100,500 1.19 
HDPE Aldrich MFI=12g/10min     
Nylon66 DuPont 10,000     
PE-b-SBR Bridgestone 100,000 80,000 1.25 
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Different polymers used in the study were listed in Table 3.2. P-xylene, 1, 2-
diclorobenzene (DCB), and glycerin were purchased from Aldrich and used as 
received.  
 
3.2 Experimental Procedure 
Non-covalent functionalized CNTs were obtained via solution crystallization 
using CNTs as seeds. Figure 3.1 shows a typical experimental route. For polyethylene 
solution crystallization, both p-xylene and DCB were used as solvent. 0.5 mg PE was 
dissolved in 4g p-xylene at 120 °C. 0.1 mg MWNT-10 and 1 g p-xylene solution was 
sonicated for 2-3 hrs at 45 °C and then added to PE/p-xylene solution. The mixture 
was then quenched to the preset crystallization temperature (Tc= 103 °C). The 
crystallization time was controlled to be 0.5 - 3 hrs. Sample was isothermally filtered 
after crystallization to remove the uncrystallized materials. When DCB was used as 
the solvent of PE crystallization, SWNT concentration was varied from 0.01 wt %- 
0.1wt %. Tc was varied from 80-106°C. For Nylon 66 solution crystallization, 
glycerin was used as solvent and the concentration was ~ (w/w) 0.01 %. Tc used for 
MWNT-10 and SWNT was 185 and 188°C, respectively. Due to its high viscosity, 
glycerin was exchanged with isopropanol for TEM sample preparation purpose. An 
IsoporeTM membrane filter with pore size of 0.2 μm was used. Isopropanol was 
gradually added drop by drop into nylon66/ MWNT NHSK samples to exchange 
glycerin. Special caution was paid to control tap water vacuum as the membrane filter 
is not very strong. During exchange, the sample was checked time by time under  
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Sonication
45 °C 120°C
CNT / PE p-xylene
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Mixed at  120 °C and wait 
for equilibrium for 10 minutes
CNT / PE/ p-xylene
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Crystallization, 103 °C
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PE 
+ CNT
PE + CNT
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Figure 3.1 Schematic of experimental procedure 
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optical microscopy until a clear view of translucent nylon66 single crystal look of 
sample is obtained. 
 
3.3 Characterization Methods 
 
3.3.1 Transmission Electron Microscopy  
Transmission electron microscopy (TEM) technique is widely used to 
characterize a lot of materials both from a morphological point of view and from the 
crystallographic but also for the elemental composition. Using TEM a large variety of 
materials as ceramics, minerals, metals, alloy, semiconductors, glass and polymers 
can be observed. Since the material must be exposed to a very high vacuum (10 -5 to 
10 -8 Torr) when being examined, it must be dried at some stage in its preparation. For 
biological specimen it must be stabilized (or fixed) so that its microstructure is as 
close to that in the living material when exposed to the vacuum. Another sample 
requirement is that it must be very thin or must be sliced into thin sections (50 - 100 
nm) to allow electrons to pass through. 
In a TEM, a stream of monochromatic electrons is emitted by an electron gun, 
usually at the top of the scope (Figure 3.2). This stream is focused to a small, thin, 
coherent beam by the use of condenser lenses 1 and 2. The first lens which is usually 
controlled by the “spot size knob” largely determines the spot size; the general size 
range of the final spot that strikes the sample. The second lens which is usually 
controlled by the "intensity or brightness knob" actually changes the size of the spot 
on the sample; changing it from a wide dispersed spot to a pinpoint beam. The beam 
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is restricted by the condenser aperture, knocking out high angle electrons. Then the 
beam strikes the sample and part of it is transmitted. This transmitted portion is 
focused by the objective lens into an image. Objective and selected area apertures can 
restrict the beam; the objective aperture enhancing contrast by blocking out high-
angle diffracted electrons, the selected area aperture enabling the user to examine 
electron diffraction patterns from ordered arrangements of atoms in the sample. The 
image is passed down the column and enlarged through the intermediate and projector 
lenses. Finally the image strikes the phosphor image screen and light is generated, 
allowing the user to see the image. 
Resolution of TEM is far superior to that of optical microscopes due to the 
fact that electrons are used for the source of illumination rather than visible light. 
Optical microscopes are limited to a resolution in the order of 100nm whereas 
modern TEM demonstrates resolutions approaching 1 Å. 141  
TEM can perform a variety of sample analysis. The most important features are bright 
field and dark field imaging, electron diffraction, electron energy loss spectroscopy 
(EELS), and Energy Dispersive Spectrometry (EDS). When we form images in TEM, 
we either form an image using the central spot, or we use some or all of the scattered 
electrons. The switch was performed by using an aperture located at the back focal 
plane of objective lenses. If the direct beam is selected the resultant image is a bright-
field image, and if we select scattered electrons of any form, a dark-field image is 
obtained. 
In this study, a JEOL-2000 FX microscope with an accelerating voltage of 
120 kV was mainly employed to observe periodically functionalized carbon nanotube  
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Figure 3.2 Schematic of a transmission electron microscope 
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Figure 3.3 Photograph of a JEOL 2000FX transmission electron microscope. 
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morphology and structure with relatively high resolution. Figure 3.3 showed a 
photograph of a JEOL-2000 FX microscope. Samples were dispersed on a carbon-
coated TEM grid. Both Pt-shadowed and non-shadowed samples were used. Detailed 
sample preparation procedure regarding to specific sample can be found in the 
corresponding chapters.  
 
3.3.2 Environmental Scanning Electron Microscopy 
The morphology and structure of periodically functionalized carbon nanotube 
was also observed by field emission environmental scanning electron microscope 
(Phillips XL-30 ESEM). The advantage of ESEM over TEM is that it also allows for 
3-D observation of the sample structure.  The observations are made from the 
secondary electron line from the specimen. Since polymeric materials have generally 
poor electrical conductivity, it is necessary to coat the samples with a conducting 
material such as gold (Au) or platinum (Pt). A Denton vacuum Desk II sputtering 
machine was employed for this purpose. The operating conditions were 40 mA, 26.66 
kPa and the platinum sputtering time was 30 seconds. The samples were dispersed on 
a cover glass slide, dried and then placed in the sputtering machine for Au or Pt 
coating. The operating parameters for the ESEM were electron beam ranging from 
10-15 kV and spot size ranging from 2-3. 
Figure 3.4 showed a photograph of the Phillips XL-30 field emission 
environmental scanning electron microscope. 
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Figure 3.4 Photograph of a Phillips XL-30 field emission environmental 
scanning electron microscope.  
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3.3.3 Raman spectroscopy 
Raman spectroscopy is nowadays well established as a powerful tool for 
determining materials structures, especially for characterizing a variety of carbon 
materials,142 including their most famous nanostructured forms, namely carbon 
nanotubes.143  The Raman spectra of CNTs are distinctive, unique and significantly 
different from those of other forms of carbon due to the 1-dimensional nanostructure. 
It can also reveal rich information about carbon nanotube structure, defects and 
diameter. In Raman spectroscopy, the sample is radiated with monochromatic visible 
or near infrared light from a laser. This brings the vibrational and rotational energy 
levels in the molecule to a short-lived, high-energy collision state, which returns to a 
lower energy state by emission of a photon. Normally, the photon has a lower 
frequency than the laser light, and the difference in frequency between the frequency 
of the laser and that of the scattered photon is called the Raman shift. Raman spectra 
usually contain many sharp bands that are characteristic of the specific molecules in 
the sample. A Renishaw 1000 spectrometer was used in this study. 
Most Raman spectroscopy studies on CNTs were performed on bulk samples 
and led to the use of diameter selective resonance to provide information about 
diameter distribution.143 It also provided clear experimental proof of the predicted 
electronic structure and allowed distinguish metallic and semiconducting SWNTs by 
different lineshape.144, 145 Observation of Raman spectra from a single nanotube was 
made possible by the strong intensity enhancement effect.146, 147 Figure 3.5 shows 
typical Raman spectra from one isolated SWNT on Si/ SiO2 substrate. 
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There are four important features in Figure 3.5. 148  Radial breathing mode (RBM) is 
in the low frequency range, from 100-350cm-1 and its frequency ω is usually applied 
to estimate the tube diameter: 
93.0
1
)(
238)(
nmd
cm =−ω .................................................................................................3.1   
In RBM, all carbon atoms are vibrating in phase in the radial direction of the 
nanotube (Figure 3.5 left inset). The tangential G band which has a frequency around 
1580cm-1is derived from in plane Raman mode in graphite (Figure 3.5 right inset). D 
band at 1350 cm-1 is associated with a decrease in symmetry, such as defects in 
nanotube, bending of nanotubes, or the presence of amorphous carbon. G' band at 
2700 cm-1 is arising from a two-phonon, second-order Raman scattering process.149  
Its intensity can be comparable in to that of the G band. 
 
3.3.4   Thermal Analysis 
Thermal analysis techniques including differential scanning calorimetry (DSC) 
and thermogravi-metric analysis (TGA) were used to follow the heat flow or mass 
change in a dynamic thermal environment. In a DSC, the energy or heat flow 
necessary to establish a zero temperature difference between a sample and an inert 
reference material was recorded, as the two specimens are subjected to identical 
temperature programs in an environment heated or cooled at a controlled rate. DSC is 
commonly employed to determine the materials phase transition such as melting, 
crystallization and glass transition temperature as well as heat capacity. TGA is a 
thermal analysis technique used to measure the mass changes of a sample as a 
function of temperature and/or time. TGA is commonly used to determine polymer  
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Figure 3.5 Raman spectra from a metallic(top) and semiconducting SWNT 
using 785nm laser excitation, showing the RBM, D band, G band and G' 
band features. Insets show atomic displacements associated with RBM and G 
band vibration.148 
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degradation temperatures, residual solvent levels, absorbed moisture content, reaction 
kinetics and the amount of inorganic (noncombustible) filler in polymer or composite 
material compositions. 
 
3.2.5 Wide Angle X-ray Diffraction (WAXD) 
WAXD is a useful technique for determining the three dimensional crystalline 
structure of materials. It can be used to determine not only the type and unit cell 
structure of the crystals but also the crystallinity and size of the crystals.  A Siemens 
D500 WAXD was used in the study. A unique aspect of this instrument is the 
stationary and horizontal nature of the sample geometry; liquids, suspended materials 
in liquids, and large blocks or unusually shaped samples can be analyzed using this 
geometry. This instrument also has the capability to analyze samples in controlled-
humidity or inert gas environments. In this study, the nanocomposites samples were 
first melt above Tm and then hot pressed into thin film of ~2-3cm2 sizes on hot stage 
for WAXD characterization. 
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CHAPTER 4: POLYMER/CARBON NANOTUBE HYBRID SHISH KEBAB 
4.1 Rationale 
The focus of this chapter is to explore the feasibility of using semicrystalline 
polymers to functionalize CNTs via CNT induced polymer crystallization. If 
successful, non-covalent functionalization can be achieved and specific chain registry 
of the polymer upon CNT might occur due to the epitaxy growth of polymer crystals 
on CNTs. Compared to the reported non-covalent methods, crystalline polymers also 
possess better mechanical properties, granting stronger adhesion between CNT and 
polymers. The degree of functionalization could also be easily controlled by tuning 
the crystal size. 
Reported works in the literature show that carbon materials, in various forms, 
are able to induce polymer crystallization. Three types of related research can be 
summarized regarding polymer crystallization induced by carbon materials: 
Epitaxial growth of polymer on highly ordered pyrolytic graphite (HOPG): 
Sano et al. observed the epitaxial growth of polymers such as Nylon 6, 
poly(tetrahydrofuran), poly(oxacyclobutane), and poly(ethylene oxide), etc. on 
graphite surface using scanning tunneling microscopy (STM) and atomic force 
microscopy (AFM) techniques.150, 151 These polymer chains have been found to 
possess a trans conformation and align parallel to [100] or [110] direction of the 
graphite lattice. 
Carbon fiber (CF) induced polymer crystallization: In order to achieve CF-
reinforced polymer composite, CFs, which are ~ 10 μm in diameter, have been used 
extensively to induce polymer crystallization (so called transcrystallization). It has 
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also been demonstrated that a number of polymers [such as isotactic polypropylene 
(iPP), polyethylene (PE), Nylon 66, poly(phenylene sulfide), etc.] can epitaxially 
grow on CF surface.104, 152-154 
CNT induced polymer crystallization: Recently, polymer CNT 
nanocomposites (PCNs) formed by CNTs and semicrystalline polymers such as 
iPP,114, 139, 155-157 PE,158 polyvinyl alcohol (PVA),159 polyacrylonitrile (PAN),126, 160, 161 
thermoplastic polyimide,162 conjugated organic polymer,163 as well as thermoplastic 
elastomers such as polyurethane129, 131, 164 have been studied. Using DSC non-
isothermal and isothermal crystallization technique, it has been found that t1/2 
decreases with increasing CNT content in PCNs, indicating that CNT could induce 
polymer crystallization. In a series of thermoplastic elastomers (Morthane)/CNT 
PCNs, it was found that strain-induced crystallization was enhanced with the addition 
of CNT (for 1-5 vol.%), which led to the increase of rubbery modulus by a factor of 
2-5 and the shape fixity was also improved.129, 131 Near IR was used to “heat” CNTs, 
leading to the melting of the physical crosslinking points (polymer crystals) and 50% 
more recovery stress than the pristine resin was reported.129   
All these previous works warrant the feasibility of using crystalline polymer 
to functionalize CNTs. In order to clearly view the CNT/polymer interface, we 
proposed to use controlled solution crystallization method. 
 
4.2 Materials and Method 
CNTs were unbundled in polymer dilute solution using ultrasonication 
method. Before the agglomeration of the unbundled CNTs occurs, the CNT/polymer 
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solution was brought to crystallization temperature (Tc) where the polymer 
crystallizes on the CNT surface resulting in CNT/polymer hybrid nanostructures. PE, 
nylon 66 and PE-b-SBR have been used to decorate MWNTs and SWNTs. For nylon 
66 crystallization, glycerin was used as solvent. P-xylene and dichlorobenzene was 
used for PE and PE-b-SBR crystallization.160, 165 Detailed experimental procedures 
are shown in Figure 2.1 in the Chapter 2. For PE crystallization, p-xylene was used as 
the solvent. 0.1mg MWNT was dispersed in 1 g p-xylene and ultrasonicated for 1-2 
hrs and then added to a 4 g (w/w) 0.01% PE/p-xylene solution. The mixture was then 
quenched to the preset Tc. The crystallization time was controlled to be 0.5 hrs. The 
crystallization temperature for MWNT was 103°C and it was 104°C for SWNT. The 
crystallization time was ~ 0.1-3 hrs. Sample was isothermally filtered to remove the 
uncrystallized materials before microscopy experiments. For nylon 66 solution 
crystallization, glycerin was used as solvent and the concentration was ~ (w/w) 0.01 
%. Nylon 66was dissolved in glycerin at 240 °C. 0.1mg MWNT was dispersed in 1 g 
glycerin and ultrasonicated for 1-2 hrs at 40 °C and then added to a 9 g (w/w) 0.01% 
nylon 66/glycerin solution. The mixture was then quenched to the preset Tc. The 
crystallization time was controlled to be 0.5 - 3 hrs. Sample was also isothermally 
filtered after crystallization to remove the uncrystallized materials. Glycerin was 
exchanged with isopropanol for TEM sample preparation.  
 
4.3 PE/ CNT NHSK 
 
Figure 4.1a shows a SEM image of the PE functionalized MWNTs obtained 
from the procedure described above (Tc = 103 °C). A straight, isolated MWNT can be 
clearly seen. Notice the tube is decorated with disc-shaped objects which are uniform 
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in size and periodically located along the CNTs. These disc-shaped objects are edge-
on views of the polymer single crystal lamellae and the peculiar morphology is 
similar to the classical polymer shish-kebab structures formed in an elongation/shear 
flow field.166 The CNT/polymer system in this case was not under external flow 
during crystallization and it is the MWNT that induces nucleation of polymer chains 
upon the MWNT surface. Figure 4.1b shows a TEM micrograph of a similar structure 
without Pt shadowing and Figure 4.1c is the schematic representation of this nano 
hybrid structure. A few similarities between these two structures can be found from 
this figure: (1) Both structures possess a central fibril core and the diameter of the 
core is approximately one to a few tens nanometers; (2) The central cores in both 
structures are wrapped with disc-shaped single crystals with the lamellar thickness of 
a few tens nanometers; (3) Single crystal lamellae are perpendicular to the shish axis; 
and (4) These lamellae are periodically located on the central one-dimensional (1D) 
cores. Since the central shish is CNT while the kebabs are formed by PE single 
crystals in Figure 4c, we name this novel structure nano-hybrid shish-kebab (NHSK). 
It is evident that a CNT forms the central stem and PE periodically grows on the 
CNT. Figure 4 therefore resembles “nano hybrid shish-kebabs” (NHSKs). From 
Figure 4.1b, the “shish” (MWNT) possesses a diameter of 12.7 nm. Along the 
MWNT, the single crystal lamellae (kebabs) are perpendicular to the MWNT axis. 
Average intervals of the adjacent lamellae are ~ 50-70 nm and the diameter of the 
lamellar crystals is ~ 60-80 nm.  
The formation of the NHSK structures is attributed to the controlled polymer 
crystallization on CNT surface. The nucleation process begins after CNTs and PE are 
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Figure 4.1 PE/MWNT NHSK structure produced by crystallization of PE on 
MWNTs at 103 °C in p-xylene for 0.5 hrs: (a) SEM image shows that MWNTs 
are decorated by disc-shaped PE single crystals and PE functionalized MWNT 
can therefore be achieved. (b) TEM image of enlarged PE/MWNT NHSK 
structures. (a) and (b) show periodicity of the kebabs is ~ 50-70 nm. (c) 
Schematic representation of the PE/CNT NHSK structure. For clarity, SWNT 
was used. PE forms folded lamellar single crystals on CNT surface with polymer 
chains being perpendicular to the lamellae.   
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dispersed in p-xylene at relatively high temperature (120°C). The temperature of the 
mixture, consisting of unbundled, naked CNTs and “free” polymers chains, is 
lowered to Tc (103°C) for crystallization. Agglomeration occurs within ~ 0.5 hrs for 
pure CNT in p-xylene because the unbundled CNTs tend to recombine due to high 
surface area (1500m2/g for SWNT and 300-400m2/g for MWNT) and strong π-π 
interaction between tubes (~950meV/nm).167 With PE in the system, however, three 
processes could occur: PE crystallization via homogeneous nucleation; PE 
crystallization on CNT surface (secondary nucleation); and CNT agglomeration. To 
push reaction more favorable for secondary nucleation than homogeneous one, high 
Tc must be used. Since CNTs provide an external surface for PE to nucleate on and, 
being at relative high Tc, this secondary nucleation is energetically more favorable 
compared to PE homogeneous nucleation. Furthermore, from kinetics point of view, 
if polymer crystallization occurs faster than that of the CNT agglomeration, CNT will 
be wrapped by PE single crystals and these crystals provide steric hindrance 
preventing CNT agglomeration, the case we observed.  
From Figure 4.1 one can immediately notice is the polymer kebabs 
periodically decorate the CNTs and the NHSKs are therefore periodically 
functionalized CNTs. Periodical functionalization of CNTs is an extremely 
challenging task due to the small size of the CNTs and technical deficiency. As a 
consequence, very few reported CNT functionalization research works have been 
dedicated to studying how the functional groups arrange on the CNT surface.168 
Recently, Kruse et al. carefully investigated the structure of the CNTs functionalized 
by Bingel reaction.168 The authors were able to identify long range, regular patterns of 
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the functional groups on the individual CNT surfaces using STM technique. A clear 
periodicity of ~ 4.6 nm was observed and the cause of the periodicity was attributed 
to a postulating induced reactivity.168 The periodicity in our observation is much 
larger (70 nm vs. 4.6 nm). We suggest that the molecular origin of the periodicity 
observed in the NHSK might be related to the concentration gradient and temperature 
fluctuation caused by the heat dissipation at the lamellar growth front. In polymer 
shish-kebab structures, it has been recognized that the kebabs are epitaxially grown 
on the shish surface and the polymer chains composing the shish and kebabs are 
parallel to each other. As shown in Figure 4.1c, in the case of PE/CNT NHSK, since 
in a PE single crystal lamellar molecules are oriented in the normal direction of the 
lamellar surface so the PE polymer chains are parallel to CNT axis, leading to the 
orthogonal orientation of the PE lamellae with CNT axis. The growth mechanism of 
the PE on the CNT surface could be attributed to two possible reasons: first, epitaxial 
growth of PE on CNT, and secondly, due to their small diameter, CNTs themselves 
can be considered as macromolecules and polymer chains might prefer to align along 
the tube axis regardless of the lattice matching between the polymer chain and the 
graphitic sheet. Detailed molecular origin of the kebab periodicity and the 
relationship between the CNT conformation and polymer chain orientation will be 
discussed more in detail in chapter 5. 
 
4.4 Nylon66/CNT NHSK      
Nylon 66 was also used to decorate CNT surfaces to tune the surface 
chemistry of the resulting NHSKs. Figure 4.2a shows an SEM image of nylon 
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Figure 4.2 Nylon 66/MWNT NHSK structures produced by crystallization of 
Nylon 66 on MWNTs at 185 °C in glycerin for 0.5 hr: (a) SEM image shows 
that MWNTs are decorated by nylon 66 single crystals.  (b) TEM image of 
nylon 66/MWNT NHSK structures, the inset shows an enlarged section. (a) 
and (b) show the periodicity of the kebabs is ~ 20-30 nm and the lateral size of 
the decoration is ~ 20 nm. 
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66/CNT NHSKs. The unbundled NHSKs are clearly seen and each CNT has been 
periodically decorated with nylon 66 lamellar crystals along the entire tube. Figure 
4.2b shows a TEM image of the nylon 66/CNT NHSK and the inset of the Figure 
4.2b shows an enlarged segment of the tube. The CNT diameter is ~ 12 nm and the 
periodicity of the kebabs is ~ 20-30 nm as opposed to ~ 50-70 nm in PE/CNT 
NHSKs, suggesting that the periodicity also depends on the nature of decorating 
polymers.  
 
4.5 Polymer Wrapped CNT Structure 
At slightly low Tc such as 180°C, due to the fast kinetics of nylon66 
crystallization, instead of periodic functionalization a nylon66 crystals wrapping 
CNTs structure was found. Figure 4.3a shows a SEM image of such structure. It can 
be seen that MWNT are completely wrapped in the dress made of nylon66 crystals 
and the orientation of nanotube axis can be deduced from the anisotropy of the whole 
structure as indicated by red dotted line.  Figure 4.3b is a TEM image of a similar 
structure. The existence of the MWNT can be seen clearly from inset of Figure 4.3b. 
A MWNT is protruding out of the nylon66 crystals. Therefore, the surface chemistry 
of CNTs can be easily tuned from hydrophilic to hydrophobic by crystallizing 
different polymers on CNT. Instead of varying Tc, changing the polymer 
concentration and crystallization time also could lead to polymers wrapping CNT 
structure. 
In Figure 4.4a the SEM image shows a PE crystals wrapping MWNT structure. 
The concentration of PE/ p-xylene solution was doubled to 0.02wt% to prepare the 
  
69
100 nm
2 μm
a b
 
 
Figure 4.3 Nylon66 wrapped MWNT structure structures produced by 
crystallization of Nylon 66 on MWNTs at 180 °C in glycerin for 0.5 hr. (a) 
SEM image shows MWNT are totally wrapped by nylon66 crystals. (b) TEM 
image of the same structure. The inset clearly shows the tip of a MWNT 
protruding of the dress made of nylon66 crystal. Note: the red dotted line 
indicates the axes of MWNT. 
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Figure 4.4 SEM images of PE-wrapping MWNT structure produced by 
crystallization of PE on MWNTs at 103°C for 0.5 hrs. Sample (a) was obtained 
by using a higher PE concentration (0.02wt %). Sample b was obtained by 
crystallization for 3hrs and PE concentration was still 0.01wt%. 
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sample. MWNT concentration, Tc and crystallization duration time are 0.002wt%, 
103°C, and 30minutes, the same as samples in Figure 4.1. It can be seen that PE 
crystals are closely stacked together by MWNT. The existence and axis orientation of 
MWNT can only be deduced PE stacking directions. The lateral size of PE crystals is 
~ 1μm. Due to the overgrowth of PE crystals, the initial shish kebab morphology is 
buried inside and could not be clear distinguished.  The lamellar normal adopts 
multiple orientations which are slightly off from tube axis due to the fact that when 
PE crystals grow large in lateral direction, they tend to fold or collapse. MWNT is 
totally covered by seemingly continuous PE crystals in this case. Figure 4.4 b gives 
an example of the effect of crystallization duration time. The red dotted line in Figure 
4.4 b indicates MWNT axis. In this case, PE is crystallized for 3hrs. Other 
experimental parameters are the same as Figure 4.1. It appears that lengthening 
crystallization time from 30minutes to 3hrs at 103 °C greatly also change the 
structure from NHSK to completely wrapped CNTs. 
 
4.6 Polymer Crystallization-Driven Periodic Functionalization - A Generic 
Method 
In order to further test the applicability of this methodology to other polymer 
system, a block copolymer PE-SBR was used.  Block copolymers (BCP) consist of 
two or more blocks of different repeating units in the same polymer chain. Due to the 
enthalpy of demixing of the constituent components of the BCP which induces 
microphase separation, it can self assemble into a variety of different ordered 
structure such as spheres, cylinders and lamellar. 169, 170  The research work involves  
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both BCP and CNTs have been reported by a few groups.161, 171-175 For example, Prof. 
Taton and his coworkers used BCP polystyrene-block-poly(acrylic acid) (PS-b-PAA) 
to form micelles in H2O/ dimethylformamide solution.173 SWNT was encapsulated in 
core of the micelles made of PS while PAA can be further cross-linked to form a solid 
structure (Figure 4.5). The similar concept was adopted later on by Park,175 Agarwal, 
et al. 172  
However our strategy is to use a semicrystalline BCP such as PE-SBR. PE 
block synthesized by hydrogenation of polybutadiene (PB) has weight average 
molecular weight (MW) of 25200, polydispersity index (PDI) of 1.14 and SBR has 
MW of 100220 and PDI of 1.25. The total hydrogenation percentage is 99.3% and 
melting temperature Tm is 99.4 °C. PE block could be crystallized in either p-xylene 
or other solvents.  Figure 4.6 shows TEM images of PE-b-SBR/ SWNT 
nanostructure.  Samples in Figure 4.6a was shadowed with platinum/palladium allay 
wire (80:20, 0.2mm) to enhance the contrast. The red arrow in figure 4.6a indicates 
the shadow direction. It can be seen that there are lamellar-like objects on the surface 
of SWNT. These objects are arranged in an orthogonal orientation with respect to the  
tube axis. These lamellar-like objects are PE-b-SBR single crystals grown in DCB 
solution and they seem to be rounded in shape. 
The lateral size of these crystals is ~25nm and the distance between adjacent 
crystals is ~25-30nm.  Although shadow greatly enhanced the contrast of image the 
sample appears “fatter” than its true thickness. Staining was also a widely used 
technique by to reveal the fine structure of polymer and biological specimen. 
Ruthenium tetraoxide (RuO4) has proven to be an effective staining agent even for 
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Figure 4.5 Schematic of PS-b-PAA/ SWNT dispersion process173 
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Figure 4.6 TEM images of PE-b-SBR functionalized SWNTs produced by 
crystallization of PE-b-SBR on SWNTs at 88 °C in DCB for 0.5 hr. (a) TEM 
image of a Pt/Pa shadowed sample. (b) TEM image of a RuO4 stained sample. 
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 polymers without olefinic unsaturation.176 It reacts vigorously with aromatic nuclei 
revealing micro domain morphologies in semicrystalline block copolymers where the 
amorphous block contains styrene residues, such as PE-b-PS.163, 177 RuO4 is also an 
effective staining agent even for semicrystalline systems containing no unsaturation 
such as high-density PE or branched PE.150, 178 Figure 4.6b showed a TEM image of 
stained PE-b-SBR functionalized SWNT sample. TEM grid containing the sample 
was stained in RuO4 vapor for 15minutes before imaging. It is clear the PE-b-SBR 
crystals appear much thinner than those in shadowed image. The darker strips 
indicated by blue arrows in Figure 4.6b are PE block. There are some appealingly 
lighter and foggy materials which wrap on SWNT surface in between PE strips. 
These are loosely packed amorphous SBR block. Due to the fact that SBR and PE 
blocks all composed by carbon and hydrogen atoms, image contrast was from Z 
contrast or thickness therefore SBR block seems lighter in TEM image. It is very 
interesting to notice that SWNTs seem to be stained too as indicated by the red arrow 
in figure 4.6b.  
Combined the information from both shadowed and stained TEM images, a 
structure model is proposed as illustrated in Figure 4.7. PE crystallizes into lamellar 
single crystal and SBR blocks are excluded out of the order structure as defects. So 
SBR dangles either on the top or bottom of the PE lamellar in solution state. Upon 
solvent evaporation, SBR blocks adhere on SWNT surface because of reduced 
surface energy and possible π-π interaction between styrene and SWNT. Compared 
with NHSK   structure obtained from PE or nylon66, more surface area on CNT will 
be covered by BCP and due to shielding effect created by giant SBR dangling chains 
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Figure 4.7 Schematic illustration of PE-b-SBR functionalized SWNT structure 
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in solution, the BCP crystals couldn’t grow as big as PE or nylon66. 
In order to demonstrate that the controlled polymer crystallization method also 
works for different types of CNTs, HiPco SWNT was also use for PE crystallization. 
Figure 4.8 shows the TEM image of the PE/SWNT NHSKs. NHSK structures are 
again evident and of interest is that in some of the NHSK structures, a bundle of 
SWNTs are wrapped, instead of a single tube. This can be attributed to two possible 
reasons; first, SWNTs were not completely exfoliated during polymer crystallization 
and second, SWNTs agglomerate before nucleation occurs. Figure 4.9 shows a high 
resolution TEM image of PE/ SWNT NHSK sample and it is evident that the central 
shish consist of a bundle of SWNTs. This is because, as the polymer chains started to 
nucleate on SWNTs, due to the poor solubility of SWNT in p-xylene, SWNTs were 
not completely exfoliated. A fraction of the SWNTs were still in the bundle state and 
PE crystallized/wrapped the bundle, which in turn captured the “state of the CNT 
agglomeration” in p-xylene solution. This image, therefore, can be considered as the 
direct visualization of the degree of CNT exfoliation in p-xylene. PE NHSK with 
better exfoliated SWNTs can be achieved by using DCB as the solvent, which will be 
discussed in the following section.  
In order to demonstrate the generality of this polymer crystallization enabled 
CNT functionalization method, different kinds of CNTs were employed in this study 
as shown in Table 4.1. 
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Figure 4.8 TEM image of PE/SWNT NHSK structure produced by produced 
by crystallization of PE on SWNTs at 104 °C in p-xylene for 0.5 hrs: Note that 
in some of the NHSKs, a bundle of SWNTs (dotted arrows), instead of one 
singe tube (solid arrows), form the shish, indicating that CNT bundles can also 
serve as the seeds for PE crystallization.  
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Figure 4.9 High resolution TEM image of PE/SWNT NHSK structure 
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Figure 4.10 TEM images of PE/MWNT-10 NHSK (a), PE/MWNT-25 NHSK 
(b) and PE/ CNF NHSK structures (c) produced by crystallization of PE on 
different CNTs and CNF in p-xylene for 0.5 hrs at 103, 97 and 97 °C. The PE 
and CNT concentrations are 0.01 wt% and 0.002 wt%, respectively. 
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Table 4.1 Source of CNTs 
Category Synthetic  
method 
Vendor Outer 
Diameter 
Length 
SWNT HiPCO Carbon 
Nanotechnology 
Inc. 
0.8-1.3 nm ~ μm 
MWNT-10 
(Product # 
406074) 
Arc 
Discharge 
Sigma 5-15 nm 1-10 μm
MWNT-25 
(Product 
#1240XH) 
CVD Nanostructured 
& Amorphous 
Materials, Inc 
20-30 nm 0.5-2 
μm 
CNF(PR-19-
HHT) 
CVD Applied 
Science Inc. 
100-300 nm 30-100 
μm 
 
Firstly, MWNTs synthesized by arc discharge and CVD methods were used. 
The diameters of these MWNTs were reported as 5-15 nm and 20-30 nm, 
respectively. They are thus denoted as MWNT-10 and MWNT-25. Figure 4.10 a 
shows the TEM image of the resulting PE functionalized MWNT-10s after solution 
crystallization in p-xylene at 103 °C for 30min and the PE concentration was 0.01 
wt%. It is evident that the disc-shaped PE single crystal lamellae were periodically 
located along the tube axis and they are mostly perpendicular to the tube axis. A 
larger periodicity (the average periodicity is about 50-70 nm) is observed compared to 
that in SWNTs and the diameter of kebab is about 50-70 nm. NHSK with better 
dispersed MWNT-10 can also be achieved by using DCB as the solvent, which will 
be discussed in the following section. 
Figure 4.10b shows PE functionalized MWNT-25s (p-xylene was the solvent 
and Tc = 97 °C). The tubes are slightly curvy and possess more defects as opposed to 
MWNTs synthesized by the arc discharge method and HiPCO SWNTs. However, 
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Figure 4.11 High resolution TEM image of MWNT-10/PE NHSK structure 
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Figure 4.12 High resolution TEM image of PE functionalized CNFs 
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NHSK structure is clearly seen from the figure. The outer diameter of MWNT-25 is 
about 30 nm. The disc-shaped PE single crystal lamellae were located along the tube 
axis and not as uniform as those on MWNT-10s, which is probably due to the defects 
on the MWNT-25 surface and/or relatively lower Tc. Less perfect sidewall structure is 
also believed to be the reason that the kebab periodicity was not as well formed as in 
MWNT-10. 
To further demonstrate the generality of this method, much larger size CNFs 
were used. CNFs are attractive from the practical point of view due to their relatively 
low cost. These CNFs have an outer diameter of 100-300 nm, a hollow core and 
length on the order of 30-100 μm. Figure 4.10c shows a TEM image of the PE NHSK 
with CNF shish. P-xylene was used and Tc was 97 °C. It is clear that PE forms single 
crystal lamellae on the central CNF. The PE lamellae in this case are large; the 
diameter is about 500 nm.  
High resolution TEM (HRTEM) was used to reveal the fine structure on the 
surface of MWNTs and CNFs. Figure 4.11 shows a HRTEM image of MWNT-10/ 
PE NHSK structure. At the PE kebab vicinity area (~2-5nm from PE kebab) there are 
some polymer-like coatings on MWNT surface possibly due to the dangling chains or 
chain ends extended from PE single crystal kebab. Apart from kebab the MWNT 
surface seems to be free of PE coating. The (002) fringe with lattice parameter of 
0.34nm can be clearly seen from Figure 4.11.  CNFs (Pyrograf®-III, PR19 HT) shown 
in Figure 4.12 were heat treated carbon fiber with diameter of 100-300nm. Carbons 
were catalytically deposited on the surface of Pyrograf forming graphite layers. It is 
worth to note that PE kebab contrast in this HRTEM image is lower than in SWNT or 
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MWNT cases as these PE crystals on CNF adopt multiple orientations. The details 
about PE kebab orientation with respect to CNT diameter will be discussed in chapter 
5. 
From these three figures, it is evident that PE was successfully used to form 
NHSK structure with CNTs having diameters ranging from less than 1 nm to ~ 300 
nm. A unique feature of the NHSKs is that the degree of functionalization can be 
easily tuned by changing the experimental parameters. Furthermore, compared to 
pristine CNTs, by choosing polymers that are miscible with the kebabs, these NHSKs 
are easier to disperse in a polymer matrix, leading to well dispersed CNT/polymer 
nanocomposites. Results on the nanocomposites fabricated using NHSKs are in 
chapter 7. 
 In summary, in chapter 4 we have demonstrated that polymer solution 
crystallization can be used to modify CNT surface. Lamellar crystals were formed 
and periodically span along entire CNTs. Novel NHSK structure was observed. Since 
polymers can be easily end-functionalized, this observation led to a unique CNT 
functionalizing technique, which is different from all the previously reported 
methods. A variety of CNTs and two different polymers were used for NHSK 
formation, indicating that this is a generic method for CNT functionalization.  
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CHAPTER 5: GROWTH MECHANISM  
5.1 CNT Diameter Effect:  Size-Dependent Soft Epitaxy (SSE) 
Forming NHSK on CNTs is an intriguing phenomenon. One key observation 
with conventional PE shish kebabs is that the polymer chains in the kebabs are 
parallel to the shish axis, leading to the orthogonal orientation between lamellar 
normal and CNT axis. This observation also holds in the present case. It is of interest 
that orthogonal orientation was observed in PE NHSK since the chirality of CNT 
could significantly affect NHSK structure. We postulate that there are two possible 
factors that affect NHSK growth: first, epitaxial growth of PE on CNT. Strict 
crystallographic relationship is needed between the polymer chain and the graphitic 
lattice. Secondly, geometric confinement by the CNT also plays a role. Due to their 
small diameter, CNTs themselves can be considered as rigid macromolecules and 
polymer chains might prefer to align along the tube axis regardless of the lattice 
matching between the polymer chain and the graphitic sheet. This mechanism is 
named as “soft epitaxy”, in which strict lattice matching is not required. We speculate 
that the true growth might involve both and is size-dependent as shown in Figure 5.1. 
A typical polymer possesses a radius of gyration of ~10 nm (PE ~100K g/mol, Rg ~ 
13.8 nm assuming the theta condition);179 As a macromolecule of such a size diffuses 
to the fiber/tube surface and crystallizes, the diameter of the fiber/tube plays a critical 
role in crystal formation. For larger diameter fibers (i.e. CF, 10 μm in diameter), the 
surface curvature is small and the polymer behaves as if it is on a flat surface. Strict 
lattice match and epitaxy should be the main growth mechanism. For smaller fibers,  
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Figure 5.1 Schematic representation of the proposed “size dependent soft 
epitaxy” mechanism. For large-diameter CNFs, PE lamellae are randomly 
orientated on the fiber surface (a) while for small diameter CNTs, soft epitaxy 
dictates the parallel orientation between PE chains and the CNT axis, leading 
to an orthogonal orientation between CNT and PE lamellar surface (b). 
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as the fiber diameter approaches Rg of the polymer chain, the fiber surface is 
“molecularly curvy”. This curvy surface substantially affects the stability of the 
crystals if the polymer chain and the fiber axis do not match, which would lead to 
curved crystals with distorted lattice. Therefore, as a polymer starts to crystallize on 
this surface: two scenarios could occur (using PE as an example, in which case, 
epitaxy requires the PE chain to be parallel with [100] graphite):83 1) if the lattice of 
the graphitic sheet orients in such a way that [100] is parallel to the CNT axis [an (n, 
n) tube], both lattice matching and the geometric confinement dictate the polymer 
chain to be parallel with the CNT axis. 2) if [100] is not parallel to the CNT axis [an 
(n, m) tube, n ≠ m], lattice matching and geometric confinement therefore compete 
with each other and the dominant factor should determine the chain orientation. Since 
the geometric confinement becomes more significant as the fiber diameter decreases, 
one can envisage that for CNTs with small fiber diameter, geometric confinement 
would be the major factor and polymer chains should be exclusively parallel to the 
CNT axis, disregarding the CNT chirality. As a consequence, kebab crystal lamellae 
should be perpendicular to the CNT axis and orthogonal orientation was obtained. For 
larger diameter CNFs, geometric confinement is weak and lattice matching might 
play the major role and dictate the orientation of the polymer chain. Since a variety of 
graphitic sheet orientations exist for CNFs, epitaxial growth of the polymer crystals 
would lead to different orientations of the polymer chains/lamellar normal. 
In order to confirm this hypothesis, TEM and SEM experiments were 
conducted to study the detailed lamellar orientation on the CNT/CNF surface. Figure 
4.1 clearly shows that PE lamellae are perpendicular to MWNT-10 axis, indicating  
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Figure 5.2 SEM micrograph of PE periodically functionalized CNFs produced 
by crystallization of PE on CNTs at 97°C in p-xylene for 0.5 hrs. Random 
orientation of PE lamellae can be clearly seen on CNF surface. The PE and 
CNF concentrations are 0.01 wt% and 0.002 wt%, respectively. 
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the polymer chains are parallel to the CNT axis (also see Figures 4.8 and 4.10). On 
the other hand, figure 5.2 shows the SEM image of CNF/PE NHSKs. Interestingly, 
PE lamellae possess multiple orientations: the lamellar normals are parallel, 
perpendicular or oblique to the CNF axis. This observation indicates that in CNF 
samples, since the fiber diameter is relatively large (100-300 nm), the curvature of 
CNF is not significant for PE macromolecules and lattice epitaxy is therefore the 
major factor as CNF-induced crystallization occur. It should be noted that in figure 
5.2, most of the kebabs of the CNF/PE NHSK are nearly perpendicular to the CNF 
surface; this is probably because that adopting this perpendicular orientation could 
facilitate the PE to grow into larger size crystals. In parallel and oblique orientation, 
space confinement from the adjacent lamellar crystals might eventually prevent them 
from growing into large size. Thus, SEM observations clearly support the SSE 
hypothesis. 
Another interesting observation in this study is the periodicity is generally 
larger in MWNT NHSK than that in SWNT NHSK. For example, using p-xylene as 
the solvent the periodicity is ~50nm for SWNT/ HDPE and ~70nm for MWNT/ 
HDPE and in DCB the trend is the same. As in the NHSK structure, nucleation 
density during induction time determines the periodicity in the final structure. The 
difference in periodicity might be due to the fact that the surface area for SWNT is 
~1500m2/g, and 400m2/g for MWNT.180 MWNT provides ~70% less available free 
surface for nucleation than SWNT therefore larger spacing between adjacent PE 
crystals in MWNT is observed.   
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5.2 Crystallization Temperature Effect 
For PE samples, at the same SWNT to PE ratio, crystallization temperatures 
were controlled to be 80 °C, 86 °C, 87 °C, 88 °C and 89°C. Crystallization time is 
0.5hr for all the samples. Periodicity was measured from TEM micrographs and 
statistically calculated from large numbers of TEM micrograph. Table 5.1 shows the 
periodicity changes with respect to Tc. D represents the average periodicity of adjacent 
PE kebabs in NHSK structures obtained from 0.01wt% PE /DCB solution at different 
temperature and R is the weight ratio of SWNT to PE. SD is the standard deviation of 
the series of data.  It can be seen that as the Tc decreases from 89 °C to 80 °C, the 
periodicity increases about 6.5nm. The experiential plot is shown in figure 5.3. 
 
Table 5.1 Periodicity dependence on Tc (HDPE) 
 
Temperature (° C) R D(nm) SD(nm) 
80 1 48.53 4.2 
86 1 45.66 4.9 
87 1 43.07 6.0 
88 1 42.80 5.6 
89 1 42.01 3.8 
 
 
The date points were fit into a linear line shown in red color in Figure 5.3. 
From the linear fit, the equation Y=107.16-0.73T is obtained. Y is in the unit of nm 
and T is in the unit of Celsius. 
Narrowly distributed PE from National Institute of Standards and Technology 
(NIST) with molecular weight of 13,600 and polydispersity of 1.19 was also used to 
test Tc effect. For NIST PE samples, at the same SWNT to PE ratio, crystallization 
temperatures were controlled to be 80 °C, 88 °C, 98°C, 100°C, 102°C, 104°C, 106 °C. 
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Figure 5.3 Plot of the effect of Tc on periodicity (HDPE) 
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Figure 5.4 Plot of the effect of Tc on periodicity (NIST PE13.6K) 
  
92
 
 Table 5.2 Periodicity dependence on Tc (NIST PE13.6K) 
 
Tc (° C) R D(nm) SD(nm) 
80 0.5 73.1 4.7 
88 0.5 72.2 6.9 
98 0.5 68.7 3.7 
100 0.5 68.4 6.6 
102 0.5 66.2 3.7 
104 0.5 61.7 3.8 
106 0.5 54.2 3.2 
 
           Table 5.2 shows the periodicity changes with respect to Tc. D represents the 
average periodicity of adjacent PE kebabs in NHSK structures obtained from 
0.01wt% PE /DCB solution at different temperature and R is the weight ratio of 
SWNT to PE. SD is the standard deviation of the series of data.  It can be seen that as 
the Tc increases from 80 °C to 106 °C, the periodicity decreases about 18.9nm. The 
experiential plot is shown in Figure 5.4.  
           Crystallization is usually described in terms of nucleation and subsequent 
growth of a new phase within an existing phase. The onset or induction period of 
crystallization is caused by the change in the thermodynamic state of system. The 
classical thermodynamic concept of nucleation by J. W. Gibbs was extended to 
polymer system by Turnbull and Fisher.181  They stated that in the absence of an 
existing solid, fluctuation in the supercooled melt can overcome the Gibbs free 
energy barrier to nucleation. The initial process begins with formation of nuclei of 
critical size of the new phase by a positive free energy. There are three physical 
mechanisms for polymer nucleation: first, spontaneous homogeneous nucleation 
which occurs in a supercooled polymer melt; second, orientation induced nucleation 
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cased by stretched aligned polymer chains and the third, heterogeneous nucleation on 
a foreign surface. With external free surface, the Gibbs free energy barrier can be 
lowered.182-184  Hoffman et al. gave the rate of nucleation in polymers as follows: 
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Where: σ is crystal growth face surface energy, σe is the crystal fold surface energy, 
Δh is the heat of fusion, ΔT is the supercooling and β is a geometrical constant. U* is 
activation barrier to transport molecules to crystal growth front and its experimental 
determined values range from 6-25kJ/mol. R is gas constant, kB is Boltzmann 
constant and C2 is an experimental determined parameter ( ~30°C). 
             The nucleation density (p) which is closely related to periodicity can be 
formulated in following equations: 
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where: L is the length of SWNT; C0 is number of NHSK formed; I(c,t) is the 
nucleation rate and is a function of time and polymer concentration; t0 is the 
integration up limit and equal to induction time. 
             For heterogeneous nucleation the wetting contact angel is 0<θ<180° and 
therefore 0< f (θ) <1. f (T) is a correction factor, varies with supercooling. It can be 
tell from the equations, the number of nuclei is very sensitive to Tc. At lower 
supercooling, for example grown at 106°C, only heterogeneous nucleation 
mechanism is allowed therefore all the molecules are available to change their 
conformations to form nuclei. However for larger supercooling (80°C), both 
heterogeneous and homogenous nucleation mechanisms might be possible for all the 
molecules therefore the number of nuclei formed on CNTs surface could be less than 
that for 106°C. Another possible reason is that at higher Tc, longer induction time is 
generally required to form a stable nucleus. And the integration of nucleation rate will 
be larger. Periodicity D is inversely proportional to integration of nucleation rate. As 
a result, periodicity on CNT reflects the subsequent crystals growth on the nuclei: 
periodicity is smaller for lower supercooling.  
 
5.3 CNT Concentration Effect 
Nanotube concentration effect on the periodicity of PE kebabs in the structure 
of NHSK was systematically studied as well. HDPE and NIST PE were used as 
models to demonstrate the concept. Figure 5.5 shows a series of TEM images of the 
HDPE functionalized SWNT after solution crystallization at 88 °C in DCB. At this 
particular condition, the average periodicity is in the range of ~34-47nm. It was found 
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that periodicity can be tuned with some experimental parameters which will be 
discussed in the following.   
An experimental parameter R, defined as the weight ratio of SWNTs over PE, 
which reflects the normalized concentration of PE macromolecules in the very 
vicinity of a single SWNT or a small bundle of SWNTs, was varied from 0.01-4. The 
smallest R (=0.01) corresponds to a SWNT concentration of 10-4 wt% provided the 
fact that PE concentration was kept at 0.01wt% and largest R (=4) is correlated with a 
SWNT concentration of 0.04wt%.   
             Detailed analysis from these micrographs shows that the periodicity increases 
with increasing R values.  For example, in the case of R=0.01, kebabs made of PE 
single crystals are closest to each other and the average spacing is ~34nm; while in 
the case of R=4, PE kebabs are farthest with each other and the average distance is 
~47.2nm. All the average periodicities were measured from large number of TEM 
micrographs and summarized in table 5.3. 
 
Table 5.3 Periodicity dependence on R (HDPE) 
R D(nm) SD(nm) 
0.01 34 5.5 
0.05 36.8 8.2 
0.1 38.5 4.1 
0.5 41.5 3.7 
1 42.8 5.6 
2 44.7 6 
3 46.1 4 
4 47.2 4 
* Note: D is the average periodicity of adjacent PE kebabs in NHSK structures 
obtained from 0.01wt% PE /DCB solution at 88 °C. It was statistically measured from 
large numbers of TEM micrographs. SD is the standard deviation of the series of data.
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Figure 5.5 TEM micrographs of a series of PE/SWNT NHSK materials 
produced by crystallization of HDPE on SWNTs at 88 °C in DCB for 0.5 hr. 
PE concentration was kept at 0.01wt% all the time. R is defined as weight ratio 
of SWNT over PE. (a) R=0.01, (b) R=0.05, (c) R=0.1, (d) R=0.5, (e) R=1, (f) 
R=2, (g) R=3, (h) R=4, (i) a necklace structure. 
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Figure 5.6 Plot of periodicity dependence on R (HDPE). (a) linear scale (b) semi-
log scale 
 
Figure 5.7 Schematic of the PE nucleation on SWNT conditions for different R 
values. Blue coils and green cylinders represent PE molecules and SWNTs, 
respectively. Note: at R between 0.5-1, SWNTs form small bundles before 
nucleation starts. 
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              A clear dependence on R can be seen when periodicity is plotted as a 
function of R (Figure 5.6). From Figure 5.6a, two regions are seen. In region 1, R 
values are small which mean SWNT concentration is low. Periodicity increases 
rapidly with respect to the increase of R as most of SWNTs are exfoliated in PE/DCB 
solution, which maximizes total free nucleation surface available. When R value 
reaches 0.5-1, the increasing trend for periodicity with respect to R slows down, and 
the slope of curves becomes flat. This is probably due to the fact of SWNTs 
agglomerations as a result of significant van der Waals interaction between tubes. 
R=1 corresponds to SWNT concentration of 0.01wt%, which is just above the 
reported SWNT solubility in DCB (95mg/ L).38 When SWNTs aggregates into small 
or medium size bundles, which is highly possible in the R values 0.5-4, total free 
nucleation surface provided is not as high as in the case where individual nanotubes 
are present in solution. Therefore in region 2 nucleation efficiency is decreased as 
indicated by the flatten curve slope. The schematic shown in Figure 5.7 demonstrates 
the process. The yellow sphere represents DCB solution of volume V containing 
constant number of PE molecules. When R increases, SWNTs represented by green 
cylinders increase, start to aggregates at certain point between 0.5-1 and then mostly 
form bundles at largest R. While in a semi-log scale plot of periodicity dependences 
on R, the curve shows a linear relationship (Figure5.6b). Detailed mechanism is 
currently under investigation. 
            HDPE sample has a broad molecular weight distribution which could bring 
uncertainty, therefore PE fraction from NIST (MW=13,600, PDI=1.19) was 
employed to confirm our previous results. The same experimental method was used 
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for NIST PE/ SWNT in DCB except that Tc was much higher (100 °C). This PE is 
highly linear with little branch which usually crystallizes easier. A high Tc was 
chosen so that homogenous nucleation can be suppressed and heterogeneous 
nucleation mechanism dominates. 
          Figure 5.8a and b show the plot of periodicity dependence on R for NIST PE/ 
SWNT system. A same trend with two regions and a transition point around R=0.5-1 
as in the case of HDPE is clearly seen again.  The periodicity fits well linearly with R 
in log plot shown in Figure 5.7b. Table5.4 lists all the periodicities (D), standard 
deviations (SD) and corresponding R values. 
 
Table 5.4 Periodicity dependence on R (NIST PE13.6K) 
R D(nm) SD(nm) 
0.01 53.4 4.1 
0.05 60.5 4.0 
0.1 63.4 4.8 
0.5 68.4 6.6 
1 71.3 7.8 
2 73.5 6.6 
3 75.9 9.4 
4 76.6 5.2 
 
             The periodicity or average spacing between PE kebabs on SWNT for NIST 
PE 13.6K is apparently larger than that for HDPE and the differences are in the range 
of 19.4nm-29.4nm. Two reasons could be accounted for the phenomena. First the 
supercooling in NIST sample was lower than HDPE since higher Tc was employed 
for NIST PE. As we previously demonstrated higher Tc or smaller supercooling leads 
  
100
0 1 2 3 4
45
50
55
60
65
70
75
80
Pe
rio
di
ci
ty
 (n
m
)
R
0.01 0.1 1
B
Linear Fit of Sheet1_B
R
a b
Region 2
Region 1
Pe
rio
di
ci
ty
 (n
m
)
Pe
rio
di
ci
ty
 (n
m
)
Pe
rio
di
ci
ty
 (n
m
)
 
Figure 5.8 Plot of periodicity dependence on R (NIST PE13.6K). (a) linear 
scale (b) semi-log scale 
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 to a larger periodicity. Secondly, NIST PE has a MW of 13,600 while MFI of HDPE 
is 12g/10min which corresponds to a MW of 56,000 using the equations in Bremner 
and Rudin’s paper.185 
 
5.4 Molecular Weight Effect 
           To investigate the polymer molecular weight effect on the formation of NHSK 
and the periodicity, NIST PE with MW of 119,600 and PDI of 1.19 was also 
employed. Tc was 100°C; PE concentration was 0.01wt% and SWNT concentration 
was varied from 10-4 wt % to 0.04wt%. The results are listed in Table 5.5. 
 
Table 5.5 Periodicity dependence on R (NIST PE119.6K) 
R D(nm) SD(nm) 
0.01 47.4 4.3 
0.05 49.8 4.5 
0.1 52.3 4.2 
0.5 55.5 4.8 
1 57.0 3.4 
2 57.8 2.2 
3 59.8 3.5 
4 60.6 5.0 
 
            Compared to the results in Table 5.4, periodicity listed in Table 5.5 is 
apparently smaller for higher MW PE. For examples, D roughly decreases by 6nm to 
16nm from PE 13.6K case to PE 119.6K. To view the effect clearly, the results were 
plotted and shown in Figure 5.9. As it shows, the curves appear similar in trend and 
shape; and in all cases of different R values, D is always smaller for PE 119.6K than 
that for PE 13.6K. The transition point between R=0.5 to R=1 can be also seen in PE 
119.6K case.  
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Figure 5.9 Plot of PE MW effect on the NHSK periodicity 
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          Why larger MW PE forms kebabs on SWNT with narrower spacing? There are 
two possible reasons. First, larger PE molecules have lager radius of gyration in 
solution. They can be considered as spheres or random coils. Before PE coils change 
their conformations into chain folded nuclei, some of them are absorbed onto SWNT 
surface. Most importantly the absorption is a dynamic process which means 
desorption and absorption happen simultaneously. At high temperature region the free 
energy change(ΔF) upon polymer desorption should be extensive in MW,186 so that 
desorption time constant is proportional  to chain length or MW according to 
following equation.187 
)*exp(~)**exp(~ Woff MTkF ατ βΔ ......................................................................5.7 
Where α is polymer surface interaction parameter,186 kβ is the Boltzmann constant and  
T is absolute temperature. At certain point, stable nuclei form on SWNT surface and 
then molecules nearby diffuse and migrate to growth front. Due to easier desorption 
for smaller MW PE, spacing between adjacent nuclei could be larger, leading to larger 
periodicity. The phenomenon can also be explained by nucleation rate and density 
theory as previously discussed. For higher MW PE samples, it is generally more 
difficult to for polymer chains to change conformation from random coil to fold and 
form nuclei therefore induction time is longer. Nucleation rate should be similar for 
PE 119.6K and PE 13.6K since Tc and concentration was kept the same. Therefore 
according to equation 5.6 the integration of nucleation rate is larger for higher MW 
PE, resulting in smaller periodicity. 
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5.5 Chemical Structure Effect 
           Nylon66, PE and PE-b-SBR are the three kinds of polymers employed in the 
study to understand effect of polymer chemical structure on NHSK formation.  
 
Table 5.6 Effect of polymer chemical structure on periodicity 
Polymers MW D(nm) Tc(°C) R 
Nylon66 10,000 ~25 188 0.5 
NIST PE 13,6000 68.4 88 0.5 
PE-b-SBR* 100,000 ~30 88 0.5 
 
*Note: PE-b-SRB is a block copolymer of PE and styrene-butadiene random 
copolymers, the block ratio is 20:80. All the experiments were conducted in 
polymer/SWNT system. 
           Table 5.6 lists the effect of chemical structures on periodicity. It is 
complicated to quantitively compare the results as we can not exclude solvent, 
supercooling and MW effects. However, it can be quickly noticed that nylon66 and 
PE-b-SBR form much narrower periodicity on SWNTs. In the case of PE-b-SBR, 
because DCB is a good solvent for PS at high temperature, therefore SBR block could 
“protect” PE crystal growth front. This shielding effect might lead to narrow 
periodicity and small kebab size. While for nylon66, the reason is not clear at this 
moment and still under investigation.  
 In summary, in chapter 5 we have demonstrated that the structure of PE/ CNT 
NHSK is critically dependent on CNT diameter. A size dependent soft epitaxy 
mechanism was proposed and confirmed. The effects of experimental parameters 
such as crystallization temperature, CNT concentration, polymer molecular weight 
and structures on the periodicity were systematically investigated.  It was found that 
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periodicity can be tuned to be smaller with increasing crystallization temperature, 
decreasing SWNT and PE weight ratio (R). The reason for the differences in 
periodicity was explained by nucleation rate and density theory. 
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CHAPTER 6: 2-DIMENTIAL PATTERNING OF POLYMERS ON CARBON 
NANOTUBE 
6.1 Background and Significance 
Periodic patterning on one-dimensional (1D) carbon nanotubes (CNTs) is of 
great interest from both scientific and technological point of view. Periodically 
patterned CNTs could directly lead to controlled two-dimensional (2D) or three-
dimensional (3D) CNTs suprastructures, an essential step towards building future 
CNT-based nanodevices. Although both chemical and non-covalent CNT 
functionalization have attracted extensive attention during the past decades6, 9, 13, 191, 
very few efforts have been dedicated to periodically patterning on individual CNTs. 
Czerw et al. demonstrated regular organization of poly(propionylethylenimine-co-
ethylenimine) (PPEI-EI) on CNTs using scanning tunneling microscopy (STM).192 
CNT electronic structure change upon attachment of polymers was also reported.10, 193 
Single-stranded DNA (ssDNA) and proteins have been bound to CNTs, resulting in 
periodic helical wrapping on the surface of CNTs.18, 194, 195 Helically wrapped SWNT 
with starch has also been reported.196, 197 Periodic patterning of functionalized 
SWNTs using Bingle reaction was examined by Worsley et al. using STM, and the 
occurrence of highly regular (periodicity ~ 4.6nm), long-range patterns was attributed 
to spatial fluctuation of electron density induced long-range reactivity.198 We recently 
reported using a controlled polymer solution crystallization method to achieve 
periodically decorated CNTs and CNFs. 199, 200 Polyethylene (PE) and Nylon 6,6 
single crystals were controlled to grow on CNTs, forming a unique nano hybrid shish 
kebab (NHSK) structure. In a NHSK, polymer single crystals are periodically strung 
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along the CNT axis; CNT forms the “shish” while polymer single crystals form the 
“kebabs”. Periodicity can be easily controlled by tuning crystallization conditions. In 
a solution formed NHSK, the 2D lamellar (kebab) normal is parallel to the 1D tubes, 
rendering a 3D nature of the NHSK. The 3D structure is advantageous for a number 
of applications such as nanocomposite. In other field such as nanoelectronics, 
however, 2D hybrid structure is preferred, which demands the need for an alternative 
means to fabricate periodic patterns on CNTs. 
Physical vapor deposition (PVD) technique is widely used for solid surface 
study. Upon heating under vacuum, metals/polymers decompose into small 
particles/oligomers and deposit on solid surfaces.201-209 Gold has long been used as 
the evaporation source to decorate polymer surfaces to reveal fine surface 
topography.201, 202 PE has also been used to investigate polymer surfaces.203, 204, 206-209 
Upon heating under vacuum, PE degrades into oligomers which form rod-shaped 
single crystals. The orientation of the rods is particularly sensitive to the substrate 
surface feature. Polymer single crystal sectorization and chain folding have been 
successfully investigated using this technique.203, 204, 206-209 
In this chapter, we target to use polymer PVD technique as a facile means to 
achieve periodic patterning on individual CNTs. PE was used as the model compound. 
The PE single crystal rods generated during PVD were uniformly patterned on CNTs 
with the rod long axes being perpendicular to the CNT axis. These rods also 
periodically span along the entire CNTs. The formation mechanism, generality of the 
techniques and the CNT surface chemistry effect were investigated. We anticipate 
  
108
that this work could open a gateway to creating complex CNT-based 
nanoarchitectures for nanodevice applications. 
6.2 Materials and Method 
Purified HiPco SWNTs were purchased from Carbon Nanotechnologies Inc. 
Arch-discharged Multi-Walled Carbon Nanotubes (AD-MWNTs) were purchased 
from Aldrich and washed with 2.4 M nitric acid for 0.5 hrs. The resulting AD-
MWNTs were then centrifuged, collected and dried in a vacuum oven. Linear 
polyethylene (PE, MFI = 12 g/10 min) and 1, 2 dichlorobenzene (DCB) were 
purchased from Aldrich and used as received. 
Surface functionalization of MWNT with octadecylamide was conducted with 
MWNTs (synthesized using chemical vapor deposition method) provided by 
Nanostructured and Amorphous Materials, Inc. The diameter of the MWNT is about 
8-15 nm. Concentrated H2SO4/HNO3 Mixture (3:1) was used for oxidation.1, 2 The 
oxidation generated numerous surface acidic groups such as carboxylic acid groups. 
The carboxylic acid groups reacted with amine at higher temperature in the next 
amidization reaction.2-4 For the amidization reaction, the oxidized MWNTs were 
dispersed in octadecylamine and maintained at 180 - 190 ºC under nitrogen for 24 
hours. 
All CNTs were first dissolved in DCB and then dispersed on carbon coated 
glass or TEM grids using spin coating. A small drop of CNT/DCB solution was first 
placed on the TEM grid. The spin speed and time were 3000 rpm and 60s, 
respectively. These CNTs dispersed TEM girds or carbon coated cover glass were 
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then coated by PE vapor using the physical vapor deposition method. The 
experimental setup is shown in Figure 6.1. A 15cm distance configuration between 
the substrate and the basket in the vacuum evaporator was chosen. Vacuum was 
controlled to be ~ 10-4-10-5 torr. The TEM gird was shadowed with Pt/Pd before TEM 
observation to enhance the contrast. TEM experiments were conducted using a JEOL-
2000FX microscope with an accelerating voltage of 160 kV. High resolution TEM 
(HRTEM) experiments were carried out using a JEOL-2010F microscope with an 
accelerating voltage of 200kV. AFM experiments was conducted using a Nanoscope 
IIIa atomic force microscope (AFM) (Digital Instruments/Veeco, Santa Barbara, CA), 
operated in tapping mode. Rectangular silicon nitride cantilevers (model TESPW, 
Digital Instruments/Veeco, Santa Barbara, CA) were used throughout the study. 
6.3 Patterning of Polymers on CNTs via PVD 
Single walled carbon nanotube (SWNT)/dichlorobenzene (DCB) solution was 
first spin-coated on a carbon-coated glass slide and decorated with PE using PVD 
method. Figure 6.2 shows a TEM micrograph of a PE coated film. The sample was 
shadowed with a thin layer of Pt/Pd to enhance the contrast. Many small “islands” 
with an average height of ~ 10 nm can be seen on the substrate (the height was 
estimated using the shadowing angle; it can also be confirmed by AFM experiments, 
see the following section).  
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Figure 6.1 Schematic representation of the PVD experimental setup. CNTs 
were deposited on carbon coated glass slides before the PVD process. 
  
111
 
Figure 6.2 TEM image of PE decorated SWNTs. Arrows indicate the “nano 
centipede-like” 2D nanostructure, which is named as 2D nano hybrid shish 
kebabs. SWNTs form the central shish (the “body of the centipede”) and PE 
rods form the kebabs (“centipede” feet). PE crystalline rods are perpendicular 
to the SWNT axes. Inset shows a “nano necklace” formed by PE decorating on 
a SWNT loop. Note that PE rods are locally perpendicular to the SWNT axis. 
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Of interest is that numerous “centipede-like” objects can be seen from the image, as 
indicated by the arrows. Careful examination of the image shows that these 
“centipedes” are PE coated SWNTs (or small SWNT bundles): the SWNTs 
seemingly form the “body of the centipedes” while PE forms the “feet”. These “feet” 
are rod-shaped objects (about 120 nm in length and 10 nm in width). Unlike the rest 
of the PE “islands” formed on the carbon film, PE rods attaching to SWNTs show 
uniform orientation and their long axes are perpendicular to the SWNT axes. This 
peculiar morphology resembles the NHSK previously discussed in Chapter 4 and 5. 
One obvious difference is that NHSK formed in solution crystallization is 3D in 
nature as previously discussed, while in the present case, both PE rods and SWNTs 
are 1D objects and the resulting centipede-like hybrid structure is two dimensional. 
2D-NHSK was thus adopted to name this unique structure. CNTs form the shish 
while PE rods form the kebabs. Compared to solution formed NHSK, these 2D 
structures might be more suitable for thin film nanodevice applications. 
The formation mechanism of these 2D NHSK is intriguing. In PVD, PE chain 
scission occurs upon heating under vacuum ( typically 10-4-10-5 torr) and the resulting 
vaporized materials have a molecular weight (MW) on the order of 1,300 g/mol.210, 211 
Upon deposition on the solid surface, these PE oligomers crystallize, resulting in the 
previously mentioned rod-shaped objects, which are extended chain PE crystals with 
the PE axis being perpendicular to the rod long axis. Each PE rods have a width of 
about 10 nm which corresponds to MW of ~1,300 g/mol provided the extended chain 
configuration. Most importantly, those PE crystal rods periodically arrange on 
individual SWNTs and have a periodicity of ~ 25-35 nm. Although a few of PE nano-
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rods are slight oblique from axis normal, most rods are perpendicular to the SWNT 
axis. The inset of Figure 6.2 shows a TEM image of a “nano-necklace” structure 
formed by PE decoration on a SWNT loop. Although SWNT was bended into an 
elliptic shape with a long axis of ~200nm and a short axis of ~ 110nm, rod-shaped PE 
crystals formed on the SWNT loop as well with their long axes being locally 
perpendicular to the SWNT axis. This suggests that the present PVD method can be 
adapted for patterning on complex CNT arrays and the orientation of PE rods is 
determined by the local CNT axis direction. 
The 2D NHSK feature was also characterized by atomic force microscopy 
(AFM) experiments. Figure 6.3 shows the AFM tapping mode images of PE 
decoration on SWNTs. 5μm (a) and 2.5μm (b) scans show that the surface of PE 
decorated SWNTs is flat. PE decoration is uniform and all the SWNTs are decorated 
with PE crystal rods. Figures 6.3 c, d, f are 1 μm scan of the height, amplitude and top 
view images. PE rods periodically span along SWNT with an adjacent distance of 
~25-35 nm. AFM height profile along the SWNT is shown in Figure 6.3e.  
The average height measured from three different spots on one PE decorated 
SWNT (indicated by green, red and white arrows in Figures 6.3e and 6.3f) is 12.4nm 
while the PE rods slightly off the 2D-NHSK center have an average height of 10 nm 
(Figure 6.4). This suggests that the SWNT possesses a diameter of 2.4 nm. Directly 
measuring the SWNT height in the interval regions of the PE rods also confirms this 
result. The relatively large diameter indicates small SWNT bundle formation (2-4 
SWNTs for each bundle), which is not surprising since aggregation of SWNTs in the 
present case is dictated by the degree of exfoliation of SWNTs in DCB (more 
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Figure 6.3 AFM tapping mode images of the PE decorated SWNTs. (a) and (b) 
are height images of the 5μm and 2.5μm scan, respectively. (c), (d), and (f) are 
the height, amplitude and top view images of 1 μm scan, respectively. (e) 
shows a height profile of the 2D NHSK along the SWNT axis 
  
115
b
a
100nm
 
Figure 6.4(a) AFM section analysis shows the vertical distances of the PE rods 
are 9.6, 10.2 and 9.2nm respectively as indicated by red, green and white 
arrows. Note that the line is slightly off the 2D NHSK center. (b) shows the 
corresponding height profile. 
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Figure 6.5AFM section analysis shows vertical distances of 1.2 nm, 2.3nm 
and 11.3nm respectively indicated by white arrows, green arrows and red 
arrows. Note: 1.2nm corresponds to the diameter of a single SWNT and 
2.3nm is probably due to formation of a small bundle of 2-4 SWNTs. The 
height profile indicated by the red arrows shows that, at the center of the PE 
rod crystal, there is a small bump, which corresponds to the underneath 
SWNTs. 
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concentrated SWNT solution tends to induce more/larger SWNT bundles). 
Nevertheless, 2D-NHSK can also be formed on single SWNTs as shown in the lower-
left corner of figures 6.3c. AFM height profile indicates the tube diameter is ~ 1.2 nm, 
indicating the absence of SWNT agglomeration. Hence, formation of the 2D-NHSK 
is not significantly affected by SWNT aggregation. In all these images, PE rods were 
formed on the top of these SWNTs (bundles) and were orthogonally oriented with 
respect to the tube axis. 
The orientation of the PE rods obtained in PVD has been used as a marker to 
determine chain folding direction in polymer single crystals. 207, 211-213 In the present 
case, orthogonal orientation of the rods and CNTs suggests that most of the PE 
oligomers are parallel to the CNT surface. Previous study showed that PE can 
epitaxially grow on graphite surfaces, the (110) plane of orthorhombic PE crystals 
grew parallel to the graphite substrate. The chain axis directions orientated in the <11-
20> directions of the graphite surface layer.214-220 In the present case, however, we 
observed that PE rods are dominantly perpendicular to the CNT axis. Since the HiPco 
SWNT was used in this study and a variety of chiral configurations exists in these 
SWNTs, 221, 222 the uniform PE orientation suggests that epitaxy is not the 
determining factor for PE orientation. This might be due to the small diameter of the 
SWNTs: as the diameter of the CNTs is small, there are two factors determining PE 
chain orientation: epitaxy and geometry effect. Epitaxy requires a <001>PE//<11-
20>graphite orientation. For CNTs with different chirality, following strict epitaxy, PE 
chain should have different orientations (parallel or oblique to the tube axis).However, 
since SWNT possesses an extremely small diameter and the tube surface is thus curvy,  
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Figure 6.6 Schematic representation of the 2D NHSK hierarchical structure. A 
SWNT forms the central stem (shish). PE forms elongated, extended chain 
single crystals. PE chain axes are perpendicular to the PE rod crystals, while 
they are also parallel to the SWNT axis. The blue cylindrical rods represent a 
PE molecule. No matter the CNT possess an armchair, zigzag or a chiral 
configuration; PE chains are always parallel to the CNT axis, suggesting a soft 
epitaxy growth mechanism. 
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geometry effect requires the PE chain to be parallel with SWNT axis disregarding the 
SWNT chirality. 223 Observation of the exclusive orthogonal orientation between 
SWNT and PE rods suggests that geometry effects play the major role in determining 
PE chain orientation. Since strict lattice matching is not required, we name this 
growth mechanism as soft epitaxy. Figure 6.6 shows the schematics of the 2D NHSK 
structure. In armchair, zigzag, and chiral SWNTs, <001>PE or PE chain orientation is 
always parallel to the SWNT axis. This soft epitaxy mechanism also holds in the case 
of multi-walled carbon nanotubes (MWNTs). Figure 6.8a is a TEM image of PE 
decoration on MWNT [synthesized by arc discharge method (AD-MWNT), diameter 
~ 5-15 nm]. The morphology is similar to that of SWNT, indicating that PVD is a 
generic method for different CNTs.  
Since the rods in 2D NHSK are PE oligomer crystals, we anticipate that two 
steps are involved in the 2D NHSK formation process. In the first step, decomposed 
PE oligomers (MW ~1,300 g/mol) deposit on the solid surface, forming a thin layer 
on the substrate. During this step, PE oligomers uniformly coat on the substrate 
regardless of the surface chemistry. In the second step, these oligomers self-organize 
to form single crystals. If the substrate is amorphous carbon, random orientation of 
PE crystals is formed. In the CNT case, however, CNT could serve as the nucleation 
sites. Nuclei formed on CNT and PE oligomers diffuse/crystallize upon these nuclei. 
The orientation of the nuclei dictates the final orthogonal orientation between PE rods 
and the CNT axis. Hence, the second step clearly involves surface diffusion and 
crystallization. In order to prove this 2-step formation hypothesis, we design an  
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Figure 6.7 Schematic illustration of a 2-step polymer patterning on CNT process 
 
Figure 6.8 (a) TEM image of PE decorated AD-MWNTs. (b) shows an HRTEM 
image of a PE decorated AD-MWNT. The MWNT was located in the hole-
region of a lacey carbon grid. This image captured the intermediate state of the 
PE decoration process. A thin layer of PE molecules were deposited on the 
MWNT surface. PE crystals did not grow on the CNT since the MWNT was 
detached from the substrate; diffusion of PE oligomers onto the CNT surface 
was thus prohibited.  
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experiment to decouple these two steps by using a lacey carbon grid as the substrate 
to conduct the PVD experiment (Figure 6.7).  
A lacey carbon grid consists of a “broken” amorphous carbon film with 
numerous “holes” (~ 3-5 μm) to allow high resolution TEM (HRTEM) observation. 
By decorating PE on CNT coated lacey carbon grids, since some of the CNTs dangle 
on the “holes” and thus are detached from the solid surface, PE oligomers can not 
diffuse onto these CNTs to further grow into single crystals. Therefore, for all the 
CNTs dangling on the “holes” of lacey carbon grids, 2D NHSK should not form. 
Indeed, 2D NHSK was not observed in the “hole” region of the grids and Figure 6.8b 
shows an HRTEM image of such a MWNT. Three layers of the graphene sheets form 
the MWNT wall and on the MWNT surface, a layer of PE coating can be clearly seen 
as indicated by the arrows. The PE coating appears to be continuous and has an 
average thickness of about ~1-2 nm. This continuous PE coating appears to be formed 
at the very beginning of this PVD process (step 1). Since CNTs are detached from the 
substrate, PE oligomers could not diffuse and further grow on the CNT surface. The 
PE oligomers already absorbed on the CNTs in step 1 also could not diffuse away 
from the CNT surface. The present image therefore captured the intermediate state of 
the 2D NHSK formation process. On the continuous carbon film area of this grid, the 
second step is allowed; hence 2D NHSK structures were formed. The 2-step 
formation mechanism can therefore be confirmed.  
             Since the formation of the 2D NHSK was due to the nucleation of PE on 
CNT surface, structure and surface chemistry of the CNT might be major factors for  
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Figure 6.9 (a) and (b) show TEM images of PE decorated on CVD-MWNT (a) 
and C18-MWNT (b). Lack of PE crystals on the MWNT in (b) suggests that 
alkane modification prohibits PE crystal growth on MWNTs, indicating that 
CNT surface chemistry plays a crucial role in the 2D NHSK formation process.  
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PE crystal growth and preferred side wall structure might be needed. To prove this 
hypothesis, MWNTs synthesized by chemical vapor deposition (CVD) method was 
used in the PE decoration study.  
Figure 6.9a shows a TEM image of PE decorated CVD-MWNTs. PE crystal 
rods also periodically decorated on MWNTs although they are not as uniform as 
those on the AD-MWNTs. In some areas, MWNTs were only partially decorated as 
indicated by the white arrows. This might be due to the defect groups on the CVD-
MWNT side walls. To further vary CNT wall structure, octadecylamine was 
covalently attached to the CVD-MWNT surface as reported (C18-MWNT; details 
about surface modification can be found in the experimental part). Figure 6.9 b shows 
the TEM image of PE decorated C18-MWNTs. It can be clearly seen that while the 
tubes are curvy, similar to Figure 6.9a, the CNT surface are smooth and PE crystals 
did not form on C18-MWNT surface. PE rod crystals formed on the free carbon 
surface. This clearly indicates that short-alkane chain modified CNTs prohibit PE 
crystal growth on the CNT surface. This is not surprising because the octadecylamine 
is tethered to CNT surface by one end and chain length is short, the molecule either 
adopt amorphous random coil or highly stretched coil conformation depending on the 
tethering density. 224, 225 These amorphous shells on CNT surface would certainly 
prevent PE from forming ordered crystalline structure on it. It can therefore be 
concluded that side wall structure and surface chemistry of CNTs play a crucial role 
for successful PE decoration on CNTs. Uniform, smooth graphite-like surface is 
preferred for PE crystal formation. The interval spacing between adjacent PE rods  
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Figure 6.10 The average interval is 28.53nm and standard deviation is 4.64nm. 
97% data points lie in the range of 20-35nm; 78.2% in the range of 25-35nm; 
61.7% in the range of 25-30nm. 
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have been calculated. As Figure 6.10 shows, the average interval spacing is 28.5nm. 
Overall interval distance is quite uniform; about 80% measured spacing point is in the 
range of 25-35nm and the standard deviation is as small as 4.6nm. 
Other polymers including nylon66, poly (vinylidene fluoride) were attempted 
to pattern on CNTs. Figure 6.11 shows TEM images of nylon66 decoration on SWNT 
using a 15cm polymer to substrate configuration. The SWNT was pointed out by the 
arrows in the image. The periodic decoration feature on SWNT is very similar to PE/ 
SWNT case. The periodicity between adjacent nylon 66 crystals is about 30-40nm. 
The morphology of nylon66 on SWNTs is quite different from PE as shown in 
Figure 6.11b. It seems nylon66 crystals have to fold on SWNTs to adopt the 
geometrical circumstance therefore they look curved in the lateral direction. AFM 
was used primarily in order to obtain qualitative information of the morphology and 
nanostructure. As the Figure 6.12c shows, two types of measurement were employed: 
along the tube axis (black dotted line) and across the tube (white solid line). Figure 
6.12a shows the height profile from black dotted line. Red arrow and green arrow 
correspond to height of 7nm and 6.5nm, respectively. The diameter of SWNT can be 
obtained from red triangle markers in Figure6.12b. It is directly measured from height 
on interval area between two nylon66 crystals. As the curve in Figure 6.12b shows, 
the SWNT diameter is 0.8nm, corresponding to a single SWNT.  
The driving force for crystallization is the free energy change associated with 
phase transformation which is proportional to supercooling, ΔT, defined as ΔT = Tm-
Tc ,where Tm and Tc are the temperatures of melting and crystallization.226 Same 
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Figure 6.11 TEM images of nylon66 decorated SWNTs. (a) A lower 
magnification TEM image. (b) A higher magnification TEM image. The 
white arrows point out SWNTs. 
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Figure 6.12 AFM section analysis of nylon66 decorated SWNTs. (a) height 
profile measured from black dotted line in image c. (b) height profile 
measured from white line in c. (c) 1μm scan height image. 
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supercooling is expected on carbon substrate and on SWNTs. The fact that nylon66 
formed much denser nuclei and then developed oriented crystals on SWNTs than on 
carbon substrate indicates SWNTs serving as an nucleating agents enhances nylon66 
crystallization by lowering activation energy. Klein and his coworkers studied effect 
of different nucleating agents on nylon66 crystallization behavior. 107, 108 It was 
suggested that on the molecular level in the transcrystalline layer, nylon66 c-axis is 
parallel to carbon fiber axis. 108, 227 The structures of even-even polyamides, such as 
nylon66, were solved by Bunn and Garner. 227The stable polymorph is the α-phase, 
which is composed of planar sheets of hydrogen-bonded molecules stacked one upon 
another. The nylon molecules are in the fully extended zigzag conformation. The 
crystal structure is triclinic with one chemical repeat per unit cell. The cell constants 
are a=4.9Å, b=5.4Å and c=17.2Å, with interaxis angles   α=48.5°, β=77° and γ=63.5°. 
In the current case, the orientation of nylon66 chains is not clear. 
Polyvinylidene fluoride (PVDF) exhibits the largest piezoelectric and 
pyroelectric coefficients among polymeric materials.228 In fact, such materials have 
already been commercialized in transducer, pyroelectric, and some actuator 
applications. 229  Recent work by Nicole Levi and his coworkers showed that 
piezoelectric β-polymorph is significantly enhanced over other crystal phases in 
CNTs/ PVDF blends. 136 Figure 6.13 shows TEM images of PVDF decoration on 
SWNTs. It can be seen PVDF forms small rounded crystallites on SWNTs and they 
are sparsely distributed along the tubes.  
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Figure 6.13 TEM image of PVDF decoration on SWNT 
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Figure 6.14 TEM image of polylysine on SWNT 
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Figure 6.15 AFM section analysis of polylysine on SWNTs. (a) shows 
polylysine crystals and SWNT heights are 3.4nm and 1nm, respectively. (b) 
shows SWNT diameter is ~1.2nm. 
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           It can also be noticed that PVDF only occasionally form crystals on carbon 
substrate which indicates a pronounced and dominant nucleation rate induced by 
SWNTs.  
Poly (L-lysine) (PLL) is also investigated in this study by the same method. 
Figure 6.14 shows a TEM image of polylysine patterning on SWNTs. PLL forms 
small dot-like crystals on SWNTs while it forms rod-like crystals on carbon substrate. 
The different morphology might suggest either they are different polymorphs or 
crystal growth rate. AFM provides precise information on materials structure and 
morphology. Figure 6.15 is the AFM section analysis of PLL on SWNT structure. 
6.15a shows height profile along nanotube axis and height of PLL is 3.4nm as 
indicated by the red arrows. The diameter of SWNT is ~1nm as green arrows 
indicated and it is also confirmed by Figure 6.15b. It is noteworthy that the height 
(3.4nm) is quite short as polymer lamella thickness is usually ~10nm which may 
suggest PLL crystallizes in a different mechanism as PE, Nylon66 and PVDF.  
Raman spectroscopy was used to analyze the nanotube structure change after 
physical vapor deposition process. Figure 6.16 shows the spectra of pristine SWNT, 
and 2D NHSKs. It includes four main features: the tangential G band (near 1580cm-1 
and derived from graphite-like in plane vibration mode), the disorder induced D band 
(~1330cm-1), the G' band ( ~2650cm-1 and it arises from two-phonon, second-order 
Raman scattering process), and the low frequency radial breathing mode(RBM), 
which corresponds to in plane radial displacement of carbon atoms.  
The major Raman band shifts were shown in Figure 6.17. Green, red and 
black lines represent shifts in D band, G band and G' band, respectively. For all the 
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Figure 6.16 Raman spectra (514.5nm excitation) of different polymers 
patterned on SWNT. 
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Figure 6.17 Plot of SWNT Raman band shift after decorated with different 
polymers. Note: each spot is the average of 5 Raman scans. 
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Figure 6.18 RBM bands of SWNT and polymers on SWNTs. 
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polymers patterning on SWNT samples, Raman band up shifts were observed. As an 
example, D band shows upshifts of 3.2 cm-1, 2.3cm-1, 3.6cm-1 and 3.7cm-1 for PE, 
nylon66, PVDF and PLL, respectively. G band displays upshifts of 5.2cm-1, 4.3cm-1, 
4.6cm-1, 4.6cm-1, respectively. The most pronounced change is G' band. As high as 
12.5cm-1 upshift for PE, 10.3cm-1 for nylon66, 12.3cm-1 for PVDF and 11cm-1 for 
PLL was observed. Raman band upshift indicates there is compressive strain on 
SWNT after polymers decoration process. Using the upshift value and G band shift 
constant of 8.7cm-1/ GPa, about 0.6 GPa compressive strain is predicted on SWNT in 
PE/ SWNT case. 230, 231 Different values of upshift from different polymers are 
possibly due to their coefficient of thermal expansion differences. 
The Raman spectra in RBM region for SWNT and SWNT with polymers 
patterning on it are plotted in Figure 6.18. There are mainly four peaks in RBM 
region and their Raman shift numbers are 183cm-1, 205cm-1, 245cm-1, 261cm-1. Each 
peak corresponds to one type of nanotube. Using dt  (nm) = 223.5/ [ωRBM (cm-1)-12.5], 
which is commonly applied to diameter of SWNT in bundles, nanotube diameters 
were determined to be in the range of from 0.89-1.3nm. 232 After normalized to the 
intensity of 261cm-1 peak, it can be quickly noticed that the intensity of 183 and 
205cm-1 dramatically decreases for all the polymers patterning on SWNT samples. 
For example, the peak at 183cm-1 decreases 37.3% in nylon66 patterning SWNT 
sample compared with that of SWNT. The RBM intensity variations result from the 
effect of compressive strain on resonance. Raman signal and the intensity of RBM in 
particular reach their maximum when the laser excitation energy (E laser) is close to 
the energy separation between van Hove singularities in nanotube electronic density 
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of states (E ii). 146 As Hove singularities position also shifts with strain energy, their 
values can become closer or further away from E laser depending on nanotube structure, 
explaining why some peaks decreased in intensity while others did not. 233, 234 
In summary, in chapter 6 we have demonstrated different polymers including 
PE, nylon66, PVDF, PLL can be patterned on CNTs via PVD method with different 
regularities. Two steps formation mechanism was proposed and testified by carefully 
designed HRTEM experiments. CNT side wall structures and surface chemistry are 
determining factors for formation of this polymer periodic decorated CNT structure. 
  
138
CHAPTER 7: APPLICATIONS 
7.1 Carbon Nanotube Dispersion 
Due to the substantial van der Walls attraction, CNTs often aggregates into 
bundles of couple of hundreds of nanotubes. When employed as reinforcing 
materials, efficient and effective dispersion plays a significant role in order to achieve 
high performance nanocomposites. Therefore it is desirable to functionalize the 
sidewall of CNTs, thereby generating CNT-derivatives that are compatible with 
solvent as well as polymeric matrix materials. NHSK materials are polymer single 
crystals modified CNTs, and it is anticipated that it could be easily dispersed in 
organic solvents and compatible polymer matrixes.  
Chapter 4 shows PE NHSK can be formed in p-xylene. In order to increase 
NHSK yield via controlled crystallization, the initial concentration of SWNTs in the 
PE solution has to been increased. HiPco SWNT samples were used for this study.140 
Jeffrey et al. demonstrated that DCB is one of the best solvents for  SWNTs ( ~95 
mg/L).38 We thus conducted PE crystallization experiment in DCB. In this case, 1 mg 
SWNT was dissolved in 1g DCB by ultrasonication for about 3hrs to prepare the 
premix (Note that the SWNT concentration is much higher than that in p-xylene).This 
premix was added into 4g PE/ DCB solution at 120 °C and the final PE concentration 
is 0.01 wt%. After equilibration for ~ 10 minutes the solution was transferred to a 
preset Tc. Three different Tcs (91°C, 89°C, and 87°C) were used and Figure 7.1 shows 
the appearance of resulting samples. Note that all three samples have the same SWNT 
concentration. It is clear that in sample 1, black precipitates were observed within 1 hr 
after crystallization, presumably due to agglomeration of CNTs. On the other hand,  
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Figure 7.1 Appearance of three samples made by crystallizing PE in 
dichlorobenzene (DCB) in the presence of SWNT at different temperatures 
(91 °C, 89 °C, and 87 °C). The PE and SWNT concentrations are 0.01 wt% 
and 0.2 wt%, respectively. 
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Figure 7.2 TEM micrograph of PE periodically functionalized SWNTs 
produced by crystallization of PE on SWNTs in DCB at different temperatures 
for 1 hrs. (a) shows that at 91 °C, PE did not crystallize in DCB.  (b) shows 
that at 89 °C, PE periodically functionalized SWNTs and NHSK was formed. 
The PE and SWNT concentrations are 0.01 wt% and 0. 02 wt%, respectively. 
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Figure 7.3 TEM micrograph of PE/SWNT NHSK produced by crystallization 
of PE on SWNTs in DCB at 88 °C for 3hrs. The PE and SWNT concentrations 
are 0.02 wt% and 0.01 wt%, respectively. 
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 sample 2 and sample 3 were stable for more than 6 months after being prepared. 
This phenomenon suggested that 91°C was too high for PE crystallization in 
DCB; NHSK was not formed in sample 1. In sample 2 and 3, the stable suspension of 
SWNT indicates that SWNTs were decorated by PE crystals and NHSK structures 
prevented SWNTs from precipitation. TEM experiment observations were conducted 
to confirm this hypothesis and the results are shown in Figure 7.2. It is evident that 
Figure 7.2a (sample 1) contains pristine SWNT bundles without any PE crystals 
attached while Figure 7.2b (sample 2) shows NHSK structure and all the SWNTs 
were decorated with PE single crystal lamellae. Similar to the result of PE NHSK 
formed in p-xylene, most of the SWNTs are in bundles as shown by the arrows in the 
Figure. Note that the bundle formation is probably due to the high SWNT 
concentration we used. Lower concentration of SWNT was used to achieve more 
complete exfoliation between SWNTs. As shown in Figure 7.3, SWNT are much 
better separated and all the SWNTs were decorated with PE crystals. 
 
7.2 CNT Separation 
It is also worth noting that the formation temperatures of NHSK depend on 
the CNT structures. The suitable Tc for SWNT, MWNT-10, MWNT-25 and CNFs in 
p-xylene are 104 °C, 103 °C, 97 °C and 97 °C respectively. Since CNTs that do not 
form NHSK easily precipitate while NHSK is stable in the solvent, our current 
method thus also provides a unique opportunity to achieve CNT separation. To 
demonstrate this concept, MWNT-10 and MWNT-25 were mixed together in p-
xylene and the solution was further mixed with PE and crystallized at 103 °C. It was 
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anticipated that at this Tc, only MWNT-10 NHSK could be formed. It was observed 
that after 3 hrs crystallization, part of the CNT precipitated while the rest was stable 
in the solution. The supernatant and the precipitants were collected and SEM was 
used to study their structure; the results are shown in Figure 7.4.  
It is evident that the supernatants are NHSKs and the precipitants are naked 
CNTs. Of interest is that all the NHSKs are formed with relatively straight CNTs 
while the naked CNTs are curvy. Since the MWNT-25 is curvy while MWNT-10 is 
straight due to the synthetic procedure, it can therefore be concluded that the 
supernatant NHSKs are formed by MWNT-10 while the precipitates are MWNT-25, 
as we anticipated, since 103 °C is the right condition for MWNT-10 to form NHSK.  
To further prove the separation result, Raman spectra were obtained from both the 
supernatant and precipitant as well as the pristine CNTs as shown in Figure 7.4c. 
Spectra 1 and 2 were taken from supernatant and pristine MWNT-10. They have the 
almost the same pattern, indicating that the solution crystallization method does not 
affect the graphite structure of the MWNTs. A strong peak at 1578 cm−1 (G band), 
which represents the high frequency E2g Raman scattering mode of sp2-hybridized 
carbon material, and a disordered structure - induced peak at 1352cm−1 (D band), 
which may originate from the defects in the curved graphene sheets and tube ends, 
are seen. Raman spectra 3 and 4 are from the sediment collected in the MWNTs 
separation experiment and pristine MWNT-25. The spectra resembled those reported 
in the literature for CVD-grown CNT.142, 235 The intensity of the D band is much 
stronger compared with that of arc-discharged CNT in a and b. The degree of 
graphitization is an indicator of the carbon nanotubes’ disorder level and 
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Figure 7.4 SEM images of (a) supernatant and (b) precipitant resulting from 
mixed crystallization of PE/MWNT-10/MWNT-25 in p-xylene at 103°C. (c) 
shows Raman spectra of pristine MWNT-10 (2), MWNT-25 (4), the supernatant 
(1) and the precipitant (3). The PE, MWNT-10 and MWNT-25 concentrations 
are 0.01 wt%, 0.001 wt% and 0.001 wt%, respectively. 
  
145
is characterized by the intensity ratio of the D and G bands. (R=ID/IG). The intensity 
ratios obtained from Raman spectra 1 and 3 in Figure 7.4c are 0.21 and 0.72, 
respectively. The values are comparable to those reported for arc-discharged CNT 
and CVD-grown CNT. Both SEM and Raman experiments thus confirmed that in the 
CNT separation experiment, supernatant and precipitant consist of MWNT-10 and 
MWNT-25, respectively, due to the selective crystallization condition that was 
chosen. Therefore CNT separation was accomplished by NHSK formation. 
 
7.3 CNT/Nylon66 Nanocomposites 
Polymer CNT nanocomposites (PCNs) represent the first realized major 
commercial application of CNTs.236 Incorporation of CNTs into polymers 
dramatically enhances the mechanical properties of the polymer while it also imparts 
attractive properties such as conductivity, electromagnetic interference shielding and 
sensing capability to the otherwise inert polymer matrix.236  NHSK formation process 
was proved to facilitate CNT disperse in organic solvent and thus used for 
nanocomposites fabrication. The nylon66/CNT nanocomposites were prepared by 
adding extra nylon66/ glycerol solution to the preformed NHSK and the system was 
further crystallized for 3hrs and finally cooled to room temperature. Upon filtering to 
remove the glycerol, the grayish solid sample was first washed thoroughly with 
isopropanol and then dries in vacuum oven overnight. Through this method, nylon66 
functionalized MWNT reinforced nylon66 nanocomposites with different MWNT 
loading were obtained. 
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Figure 7.5 (a) and (b) are low and higher magnification SEM micrographs of 
0.5 wt% CNT/nylon66 nanocomposites formed by using NHSK as seeds to 
further crystallize nylon 66 at 185°C (c) schematic of the preparation of 
nanocomposites. 
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Figure 7.6 SEM image of of 0.5 wt% CNT/nylon66 nanocomposites after 
nitric acid etching for 20 minutes. 
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As the SEM images in Figure 7.5 a and b show, nylon66 forms spherulites 
with MWNTs inside. The average diameter of the hybrid spherulite is about 10 μm. 
MWNTs are uniformly dispersed and located inside of these hybrid spherulites. 
Etching these spherulites with nitric acid reveals their hybrid nature (Figure 7.6). 
Adding one drop of nitric acid on nylon66 hybrid spherulites (0.5 wt% MWNT) and 
etching for 20 minutes result in formation of porous structures on the surface. 
Amorphous regions where molecules are less densely packed are first etched, 
resulting into holes of ~1μm size. It can be seen the MWNTs form a 3-dimensinal 
framework inside the hybrid spherulites and thus prevent destroying the whole 
structure. NHSK structures can be occasionally seen from the holes indicating strong 
interfacial adhesion of nylon66 crystals to MWNT surface and tough resistance of 
nylon66 single crystals to etching. 
Composition of the nanocomposites is evaluated by Raman spectroscopy. 
Figure 7.7 shows the spectra of MWNT, nylon66 and the nanocomposites. G band at 
1580 cm-1 does not overlap with any bands in nylon66 Raman spectrum and therefore 
can be used as the reference to compare the composition of MWNT in nylon66. Band 
at 1636cm-1 is due to C=O stretch of amide groups in nylon66. 237 As the loading of 
MWNT increases, the ratio of these two bands also increases; and at 2wt% MWNT 
loading, the intensity of G band becomes much higher than amide group band. 
The crystalline structure of MWNT/nylon66 nanocomposites was 
characterized by wide angle x-ray diffraction (WAXD) technique. WAXD patterns 
are displayed in Figure 7.9. Two distinct peaks are observed at 2θ of 18.11° and 
21.04° corresponding to diffraction of (100) and (010,110) crystalline planes, 
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respectively.238 These two diffraction peaks indicate that nylon 66 crystallizes in the 
triclinic α form and constitutes hydrogen-bonded sheets. 
The crystallite size perpendicular to the diffraction (hkl) plane, Lhkl in nanometers, 
can be obtained from the Scherrer expression:239 
θβ
λ
cos
kLhkl = .............................................................................................................7.1 
Where β= (B2-b02)1/2 is pure line broadening, B is a measured half-width of the 
experimental peak (in degree). b0 is instrumental broadening and equal to 0.15°. 
k(=0.89) is a Scherrer factor, λ is x-ray wavelength and 2θ is the  Bragg angle. The 
crystallite sizes calculated are listed in Table 7.1.  
 
Table 7.1 Crystallite size of MWNT/Nylon66 nanocomposites 
MWNT content L100 (nm) L010(nm) 
0.1wt% 4.15 4.39 
0.5wt% 4.04 4.25 
2wt% 3.83 4.06 
 
DSC was employed to evaluate the effect of MWNTs on the phase transition 
behaviors on nylon66. Figure 7.10 shows DSC 2nd heating and 1st cooling curves 
thermograms obtained at 10 °C / min rate. The crystallization temperature, Tc, 
obtained from the minimum of exothermic peak is about 228°C for nylon66. The 
addition of 0.1wt% to 2wt% MWNTs into nylon66 leads to a shift of crystallization 
peak mainly towards lower Tc. DSC heating curves in Figure 7.9 show some 
interesting results. Two melting peaks at 245.5 °C (Tm1) and 259 °C (Tm2) are 
observed. The addition of MWNTs does not change Tm1. However, with increasing 
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Figure 7.7 Raman spectra of nylon66/MWNT nanocomposites. 
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Figure 7.8 WXAD diffraction patterns of MWNT/nylon66 nanocomposites 
  
151
1st cooling curve 2nd heating curve
180 200 220 240 260 280
Temperature (°C)
Nylon66
0.1wt%
0.5wt%
2wt%
210 220 230 240 250
En
do
th
er
m
ic
Temperature (°C)
Nylon66
0.1wt%
0.5wt%
2wt%
En
do
th
er
m
ic
En
do
th
er
m
ic
Figure 7.9 Nonisothermal DSC scans of MWNT/nylon66 nanocomposites. 
Heating and cooling rates are 10 °C/ min. 
  
152
content of MWNT into nylon66, Tm2 shifts to lower temperature. Meanwhile as 
MWNT content increases, the area of first Tm1 increases and that of Tm2 decreases. 
The behavior of multi-melting peaks in nylon has been observed and discussed 
before.240-243 It was believed due to melting of lamellar of different thickness. The 
similar phenomena were reported in Nanoclay/ nylon66 system.242, 244, 245 The MWNT 
functions as a nucleating agent and leads to the formation of thinner lamellae. 242, 244, 
245 
Isothermal crystallization behavior of MWNT/nylon66 nanocomposites was 
also studied by using DSC and results are shown in Figure 7.10 and 7.11. The relative 
degree of crystallinity at time t, X (t), is defined as follows: 
∞∞∞ Δ
Δ===
∫
∫
H
H
dt
dt
tdH
dt
dt
tdH
tX
tX
tX t
t
t
c
c
0
0
)(
)(
)(
)(
)( ......................................................................7.2 
where dH/dt is the rate of heat evolution; ΔHt is the heat generated at time t; ΔH∞ is 
the total heat by the end of the crystallization process. Figure 7.10 shows the relative 
crystallinity at different crystallization time in the process of isothermal 
crystallization. It can be seen that the characteristic sigmoid isotherms shift to the 
right with increasing Tc, and the crystallization rate becomes slower. The 
crystallization process can be treated as a composite of 2 stages: the primary 
crystallization stage and the secondary crystallization stage. The crystallization 
process is very remarkable in its temperature dependency. Assuming that the relative 
crystallinity increases with the crystallization time t increasing, and then the Avrami 
equation 246can be used to analyze the crystallization process as follows:  
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Figure 7.10 Relative crystallinity X(t) versus different crystallization time t 
in the process of isothermal crystallization for pure nylon66 and MWNT/ 
nylon66 nanocomposites. 
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Figure 7.11 Plot of log (-ln (1-X)) versus log t for isothermal crystallization at 
the indicated temperatures. 
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Figure 7.12 Plot of effect of MWNT content on crystallization rate parameter 
K.  
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Where X (t) is the weight fraction of crystallized material at time t; n is the Avrami 
exponent and K is the crystallization rate parameter. Each curve is composed of two 
linear regions. The values of n and K are determined from the initial linear section 
and the results are shown in Table 7.2. 
Table 7.2 kinetics parameter for isothermal crystallization of nanocomposites 
Nylon66 
Tc (°C) n K(min-1) t0.05(min) t1/2 (min) 
229 °C 2.19 3.85 0.14 0.46 
231 °C 2.12 2.51 0.16 0.54 
233 °C 2.15 1.84 0.19 0.63 
235 °C 2.10 1.63 0.2 0.66 
237 °C 2.15 0.82 0.28 0.92 
239 °C 2.16 0.20 0.56 1.74 
241 °C 2.12 0.10 0.74 2.46 
 
0.1wt% MWNT/ nylon66 
Tc (°C) n K(min-1) t0.05(min) t1/2 (min) 
229 °C 1.65 5.94 0.06 0.27 
231 °C 1.74 5.96 0.07 0.28 
233 °C 1.75 3.77 0.11 0.37 
235 °C 1.72 1.92 0.13 0.55 
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237 °C 1.72 1.25 0.17 0.70 
239 °C 1.69 0.52 0.27 1.18 
241 °C 1.77 0.24 0.44 1.82 
 
0.5 wt% MWNT/nylon66 
Tc (°C) n K(min-1) t0.05(min) t1/2 (min) 
229 °C 2.15 3.23 0.16 0.47 
231 °C 2.06 1.62 0.21 0.63 
233 °C 2.00 1.12 0.23 0.75 
235 °C 1.91 0.69 0.29 0.95 
237 °C 1.69 0.70 0.31 0.96 
 
2wt% MWNT/ nylon66 
Tc (°C) n K(min-1) t0.05(min) t1/2 (min) 
225 °C 1.84 4.06 0.10 0.39 
227 °C 1.89 2.75 0.13 0.48 
229°C 1.78 1.74 0.16 0.58 
231 °C 1.78 1.12 0.22 0.73 
233 °C 1.68 0.29 0.38 1.87 
237 °C 1.74 0.11 0.68 2.91 
 
            It can be seen that Avrami parameter n is ranging from 1.65 to 2.15, 
depending on MWNT loading and temperature. These results indicate that spherulites 
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growth might be a mixture of 1 dimensional linear and 2 dimensional circular 
manner.247 The values of the crystallization rate parameters K increase with 
decreasing crystallization temperature. At the same Tc, K first increases as MWNT 
content reaches 0.1wt% and then decreases with increasing MWNT content in 
nylon66. For example, at 229 °C, K increases from 3.85 to 5.94 for 0.1wt% MWNT 
and then decreases to 1.74 for 2 wt% MWNT. The effect of MWNT content on 
crystallization rate parameter K is plotted in Figure 7.12. It clearly shows the trend of 
K with addition of increasing MWNTs into nylon66. In α form nylon66 crystal, the 
molecules have a planar zigzag conformation. Interactions between the N-H and C=O 
groups on neighboring chains results in formation of hydrogen bonding sheets. 
Incorporation of MWNTs lowers the activation energy and thus facilitates nucleation 
of nylon66, which happened in lower content of MWNT loading case (0.1wt %). 
However, larger amount of MWNTs prevent the hydrogen bonding sheets formations 
therefore slower crystallization kinetics was observed. Another important parameter 
is the half-time of crystallization t1/2 which is defined as the time taken from the onset 
of the crystallization until 50% completion and can be extracted directly from the plot 
of X (t) versus t (Figure 7.10). That is, 
nKt /12/1 )/2(lg= ........................................................................................................7.4 
The results of t1/2   are listed in table 7.2. As observed in all nanocomposites t1/2 
increases slowly with Tc increasing for lower supercooling degree. T0.05 which is 
defined as the time taken from the onset of the crystallization until 5% completion 
was also listed in Table 7.2. Figure 7.13 is the plot of t1/2 and t0.05 with respect to the 
MWNT content. It shows at low MWNT loading (0.1wt %), crystallization kinetics is 
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Figure 7.13 Plot of the effect of MWNT content on t0.05, t1/2 
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 faster for nanocomposites than nylon66. At higher MWNT content, both t1/2 and t0.05 
decreases with increasing MWNT loading in polymer matrix. At higher Tc (237°C, 
blue line in Figure 7.13), the trend becomes even more dramatic. 
In summary, it has been demonstrated in chapter 7 that formation of NHSK 
facilitates CNTs dispersion, separation and could be used for nylon66 
nanocomposites fabrication with excellent CNT dispersion.  
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 
8.1 Conclusions 
• A noncovalent method to modify carbon nanotube surface was invented, 
namely polymer solution crystallization method. 
• CNTs induce polymers including PE, nylon66 and PE-b-SBR, 
heterogeneous nucleation at high Tc, and results in polymer single crystals 
periodically functionalized carbon nanotubes. 
• Due to structure similarity to traditional polymer shish kebab, polymer 
single crystals periodically functionalized CNTs were named nano hybrid 
shish kebab” NHSK. 
• By tuning Tc and polymer concentrations, the degree of functionalization 
can be easily controlled. 
• The polymer chains orientation in NHSK is highly dependent on the 
diameter of CNTs. A size dependent soft epitaxy growth mechanism (SSE) 
is proposed and confirmed by SEM results of PE modified carbon 
nanofibers. 
• The invented method has the following advantages: noncovalent and 
nondestructive; mechanically stronger than amorphous polymers and small 
molecules; increasing CNT surface area; better mechanical reinforcement 
due to NHSK’s 3-dimensional complex geometry. 
• The spacing between adjacent polymer crystals or periodicity is 
systematically analyzed. The origin of the spacing is explained due to 
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thermal and/ or concentration fluctuation induced by formation of stable 
nuclei.  
• Periodicity increases with decreasing crystallization temperatures. An 
important experimental parameter R, defined as weight ratio of SWNT over 
PE, is closely correlated to periodicity at fixed Tc and polymer 
concentration. Periodicity is also dependent on polymer chemical structures 
as well as solvent used. 
• Physical vapor deposition is employed as a tool to pattern polymers on 
carbon nanotubes. Research work is mainly focused on PE to explore this 
method. 
• 2-dimental patterning of PE oligomers on CNTs is characterized by TEM 
and AFM. The formation condition is critically dependent on surface 
chemistry of CNTs. 
• A 2-step growth mechanism is proposed and proved by high resolution 
TEM results. 
• Experiments demonstrate NHSK can be used for CNT dispersion and 
separation.  CVD-MWNT and Arc-discharged MWNT are separated by 
using polymer crystallization method. 
• MWNT/nylon66 nanocomposites are prepared using NHSK as precursors. 
The structure and phase behaviors are characterized by WAXD and DSC. 
 
8.2 Future Work 
 
  
163
8.2.1 Multi-functional NHSK Materials 
 Considering that polymer end groups are readily easy to be modified via one 
step reaction, there is an opportunity to fabricate multi-functional NHSK materials 
targeted to various applications such as chemical sensors and fuel cell.  
 In a polymer single crystal lamellar, all the end groups are excluded from the 
closely packed chain folding crystalline structure and located on either side of the 
lamellar. Once polymer chain ends are transformed to some functional groups such as 
hydroxyl, amine or thiol groups and NHSK structure is formed, it can be used either 
directly as chemical sensors or to immobilize gold and platinum nanoparticles for fuel 
cell applications. 
 
8.2.2 Other Polymers 
 While PE, Nylon66, PE-b-SBR with different MW were used to modify CNT 
surface via polymer crystallization method, it is interesting to investigate other 
polymers such as PEO, iPS, PET, PVDF, et al..  
 
8.2.3 Crosslinkable NHSK 
 CNT is proposed as an ideal reinforcing material for polymer matrix 
composites; however it is highly desirable to enhance the stress transfer from matrix 
materials to CNT. Our strategy is to use crosslinkable polymer to modify CNT 
surface via formation of NHSK structure. As I have demonstrated in this thesis, 
semicrystalline polymers could form crystals on CNT sidewall and compression 
stress between polymer crystals and CNT was observed in Raman spectra.  It is thus 
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reasonable to anticipate a strong and robust interface between polymers and CNT. 
Furthermore, UV or γ ray crosslinking will further enhance the interfacial strength 
between polymers and CNT, thus facilitate stress transfer. 
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